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A herd of Bornean elephants (Elephas maximus borneensis) traverse an oil palm plantation between 
forest fragments, Sabah 2011.  
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Abstract 
This thesis examines the ecology of elephants (Elephas maximus borneensis) that inhabit the 
Lower Kinabatangan region of Sabah, Malaysia. My research focused on improving our 
understanding of their habitat use and food-plant preference over varying spatial and temporal 
scales, and tested recursion hypotheses. Recursion, the reuse of sites or plants over time, has 
rarely been explored in wild animals. Studies of recursion promote understanding of species 
ecology as they explore temporal variation in resource-use. Recursion by herbivores may be a 
foraging strategy for optimising resource-use by returning to sites to coincide with plant 
recovery. A review of the recursion literature revealed that previous studies had not considered 
recursion that leads from foraging theory; this informed the research and the design of the 
chapters on recursion at two spatial scales – site and plant. The review also demonstrated the 
need to integrate the large amount of research on recursion-like processes with the new research 
topic of recursion. Such processes include site reuse associated with spatial memory, resource 
recovery and foraging site-fidelity. The scarcity of studies of these topics in large, wild 
herbivores was also evident. 
I chose to investigate recursion ecology in the Bornean elephant because this provided an 
opportunity to test hypotheses for repeated resource-use, and to improve our understanding of 
resource ecology for a mega-herbivore. I expected recursion to occur less frequently in elephants 
compared with smaller herbivores. Mega-herbivores have a reduced requirement for high quality 
food. They should also consume more resources per visit, resulting in more time needed for 
resources to recover and therefore less frequent recursions. However, elephants have a more 
highly developed spatio-temporal memory than other herbivores and therefore may have greater 
ability to return more often to profitable foraging sites and plants. 
To investigate elephant habitat use I first characterised the habitat types in the Lower 
Kinabatangan Wildlife Sanctuary (LKWS) based on their floristic composition and physical 
characteristics. Elephant habitat-use was measured using indirect observations of feed sign along 
ten 1 km long and 4 m wide strip-transects randomly placed throughout the LKWS. Elephants 
exhibited a strong preference for open grass areas along forest margins and avoided swamps and 
recently logged or cultivated habitat.   Two of the most common habitats, lowland mixed 
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dipterocarp and semi-inundated forest, were neither selected nor avoided. The habitat types 
identified and their use by elephants underpinned the subsequent chapters on recursion and 
elephant food-plant preferences. 
I investigated recursion to foraging sites using GPS collars to track the two main elephant 
herds in the LKWS in order to examine their behaviour and sample sites. Recursion was 
common, occurring at 48 of 87 foraging sites, within 48 hours and between 151-250 days. This 
indicated that elephant foraging strategies involve site sampling and timing of returns to coincide 
with some periodicity in site quality. I also found that recursion occurred if the site had 
previously been occupied for longer periods than sites receiving no recursions. The number of 
days that had passed between the first visit and recursion was also positively correlated with time 
spent at the recursion site. Sites that received most recursions were within the elephants’ 
preferred habitat; that is, open grass areas along forest margins. These findings indicate that 
recursion occurs for the repeated exploitation of higher quality foraging sites and is perhaps 
timed for the recovery of their food plants.  
The hypothesis that plant recovery rates influence recursion periodicity had not been 
tested previously in wild populations. The growth of new shoots on  plants from 30 species that 
were previously selected for feeding by elephants were measured each month for 9 months, or 
until they were re-browsed by elephants, to learn if plant recovery rates influence recursion time.  
Recursion to grasses was found to coincide with full recovery but the elephants prematurely 
browsed other plant types.  This suggests that elephant foraging strategies influence vegetation 
community structuring and may maintain or enhance grass patches.  My results from Chapters 3-
5 demonstrate recursion at two spatial scales, site and plant, and indicate that the elephants forage 
optimally in their preferred habitat.   
It was also necessary to understand the proportion of grass and browse in the elephant diet 
and what influences the selection of browse species. Food-plant use and availability analyses 
found that contrary to what was expected of a generalist herbivore, plants were not selected by 
elephants in proportion to their availability.  The finding that grasses form a major and highly 
preferred part of Bornean elephant diet was unexpected because they had been regarded as a 
forest-feeding species. One hundred and eighty-two plants were eaten and 185 plants from 18 
species were measured for species availability along 12 transects. I identified a preference for 
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grass rather than browse species despite grasses being less abundant, confirming the importance 
of grass and grass patches – two spatial scales – to elephants in the LKWS. Previous work has 
implicated the size and vigour of plants as important in herbivore food-plant selection. I found 
that elephant browse preferences were not influenced by plant vigour and plant size. Bornean 
elephant foraging strategies are therefore primarily focussed on the optimum harvesting of grass 
in discrete patches within the forest and the riparian zone. 
To manage this population of elephants it is important to understand their relationship 
with their food resources. My study has contributed in this regard in ways that are of general 
importance to understanding elephants and other mega-herbivores, as well as in ways that are of 
specific importance to the conservation of Bornean elephants in the LKWS. Firstly, in order to 
meet the elephant population’s dietary needs, access to open grass areas must be maintained. 
Forest rehabilitation projects should incorporate these areas as part of their landscape 
management strategy. For example, corridors should be designed and placed to assist the 
movement of elephants amongst preferred grassy foraging sites.  
Secondly, this study provides scientific support for effective ways to identify profitable 
foraging areas for wild herbivores across a variety of landscapes. Studies of recursion and the 
characters of sites and plants that receive repeated visits provide more direct and rapid ways of 
identifying what is important to herbivore populations.  
Moreover, if the elephant, the largest land mammal and herbivore, is so elaborately and 
concurrently recursive at different spatial and temporal scales, then recursion is likely to be 
widespread amongst other herbivores. I therefore recommend further examination of recursion 
behaviour across a wider range of wild herbivores. Advances in our understanding of herbivore 
ecology and our ability to conserve and manage wildlife habitat will require a direct refocus on 
repeated resource-use and will depend on redesigning studies to consider the scales at which 
recursion occurs.  
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Prologue 
In 1981 I was born in Kandy, Sri Lanka, to Australian parents who were working there. We 
lived there for only a few years before moving to the Philippines. Although my memory of 
that time in Kandy is meagre, I grew up with my parents' photographs of the large tusker kept 
at the Temple of the Tooth in Kandy, and the elephants that would bathe daily with their 
mahouts in the Mahaweli River a few hundred metres from our house. As I got older and 
moved from one country to another, I became aware of the increasing threats to elephants in 
the wild and the welfare problems facing those in captivity. At high-school in Australia, and 
later at university, my scientific interest in elephant behaviour and conservation grew. 
Early in 2002 I began my undergraduate degree at LaTrobe University in Melbourne. 
I completed a Bachelor of Animal Science majoring in Zoology, after which I was offered a 
place for an Honours year. I decided that before undertaking further study I would go back to 
Sri Lanka to volunteer with elephants. As a volunteer, I collected behavioural data on two 
elderly female elephants for scientists at the University of Peradeniya. 
When I enquired at LaTrobe about the topic of my Honours, I was unable to find a 
supervisor willing to supervise a study on elephants so I looked at other universities in 
Australia and overseas. Many years earlier, when I was at high school, I had completed work 
experience with Professors Lesley Rogers and Gisela Kaplan at the University of New 
England. They were eager to supervise my Honours research on elephants, so I enrolled at 
UNE, where I studied the influence of enrichment activities on the behaviour of elephants at 
Melbourne Zoo (English et al. 2014a). 
After completing my Honours year with a good result I travelled throughout Asia, 
considering my options for a PhD in elephant behaviour and ecology. My original plan was to 
study the Sri Lankan elephant but due to the escalating conflict associated with the late stages 
of the country’s civil war I was advised against doing fieldwork there. Later that year I 
travelled to Borneo, eager to learn about the elusive Bornean elephant. There I met with 
conservationists to discuss research prospects on this under-studied species. It was clear that 
in order to manage the population of elephants that live in a highly degraded and fragmented 
landscape it was of particular importance to understand their relationship with their food 
resources. I approached Wayne Linklater at Victoria University of Wellington to be my 
supervisor. He agreed, and this thesis is the outcome. It is my hope that my work will benefit 
elephant conservation in Borneo by providing information on their resource-use that can 
inform policy makers of suitable landscape management strategies within the Lower 
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Kinabatangan Wildlife sanctuary. I also hope that this study contributes to developing 
techniques for applying foraging theory to wild large herbivore foraging strategies. 
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Chapter One 
Introduction  
 
 
Juvenile male elephants foraging in riverine ecotone habitat  
Lower Kinabatangan Wildlife Sanctuary, Sabah, 2011  
Photo by Tony English 
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Introduction 
A persistent challenge to ecological science and for wildlife conservationists is to find ways 
of maintaining viable populations of species and habitat (Soulé, 1985). In order to accomplish 
this, an understanding of species population distribution and abundance (Kunin, 1998) and 
resource-use is essential (Kertson & Marzluff, 2011). Resource-use will vary depending on 
an animal’s intrinsic requirements for growth, survival, and reproduction (White, 1983; 
McNamara & Houston, 1996). Resource quantity and quality, including resource 
regeneration rates, and also the costs to the animal associated with finding and exploiting 
resources will influence how resources are utilised (Charnov, 1976; White, 1983). Depending 
on these influences, resource-use by herbivores is expected to vary over different spatial and 
temporal scales. In order to describe the foraging strategy of a species and the ecological 
rules it follows, we need to know how preferences change and are satisfied over these scales. 
Together, an understanding of animal preferences and their variation through space and time 
provide a basis for determining species habitat and spatial requirements, which are the 
cornerstone of species conservation.  
 
Optimal foraging and herbivores 
 
Evolution by natural selection should mean that herbivores trend towards optimal foraging. 
Thus resources with reinforcing properties are selected and those that impose a cost or lack 
benefits are avoided. Selection:avoidance or use:availability ratios reveal if animals feed or 
use certain resources randomly or selectively (Johnson, 1980). If resources are selected in 
proportion to their availability then this suggests a generalist or random strategy. However, if 
resources are used out of proportion, more or less, than their availability this indicates either a 
preference or avoidance, respectively, of those resources.  
Resource abundance and availability vary at different spatial and temporal scales, and 
travel time and distance to obtain these resources are a cost to an animal. Herbivore food-
plant relationships, therefore, are significantly influenced by trade-offs between the 
advantage of consuming a given diet and the cost of searching for it (Stephens & Krebs, 
1986). Two commonly referred to theories associated with a cost-benefit trade-off in the 
consumption of a resource are giving up densities (GUD) and ideal free distribution (IFD) 
(Fretwell & Lucas, 1970; Charnov, 1976). The theory of GUD predicts that resources are 
utilised until the cost of utilising them further is greater than the cost of seeking resources 
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elsewhere. IFD predicts that the density of animals utilising an area is a reflection of the 
resources available. For example, more abundant resources support a higher density of 
animals and less abundant resources support a lower density (Charnov, 1976).  
Animal resource preferences also depend on variations in the animals’ morphology 
and physiological function (Provenza et al., 2003). For example, depending on their body 
size, utilisation might depend on plant nutritive value or plant morphology and availability 
(Nicotri, 1980). Smaller animals require feed of higher nutritive value than larger animals and 
are generally more selective (Jarman, 1974). Large herbivores, with their lower energy 
requirements per unit body mass, have greater gut capacity for ingesta retention, facilitating a 
higher tolerance for lower quality (high fibre content) forage (Parra, 1978; Demment & van 
Soest, 1985; Illius & Gordon, 1990). Larger herbivores, therefore, tend to ingest a diet lower 
in quality than smaller herbivores, and favour quantity over quality. For larger herbivores, the 
benefits of ingesting abundant forage resources outweigh the costs of searching for forage of 
higher nutritional return which is usually rare or more heterogeneously distributed in the 
environment. As a result small herbivores are generally more selective feeders than large 
herbivores (Demment & van Soest, 1985; Owen-Smith, 1988). The selection of highly 
nutritious food items by smaller animals is also a reflection of their higher metabolic rates. 
For instance, if all animals could digest similar quantities of food relative to body weight, 
then higher metabolic rates would require smaller animals to seek higher quality food than 
larger animals (Jarman, 1974).  
High quality plant parts usually form only a small proportion of a plant. At the plant 
community scale there is generally not as much high quality as low quality plant material 
available to herbivores. It is to be expected, therefore, that larger herbivores requiring a large 
absolute intake of food, should use low quality food which is available in larger quantities 
whereas smaller herbivores select higher quality food in smaller quantities (Bell, 1971; 
Jarman, 1974). Among mammalian herbivores, selective feeding has been expressed mainly 
in terms of plant parts consumed, rather than the species diversity of the diet. However, there 
is considerable evidence that large herbivores also exhibit a degree of non-random selective 
foraging and track areas of highest quality forage (Sinclair, 1977; McNaughton, 1985; Fryxell 
et al., 1988, 2005; Owen-Smith, 2012). For example, high quality ‘lawns’ form where 
grazing is concentrated at localised sites where typically short sward grasses are maintained 
in early growth stages by herbivores that facilitate new growth (McNaughton, 1984; 
Archibald, 2008; Cromsigt & Olff, 2008).  Similarly, browsing on woody plants that respond 
with tolerance traits (Fornoni, 2011) associated with increased palatability attracts further 
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browsing (Cromsigt & Kuijper, 2011).  These feeding areas are referred to as ‘grazing’ and 
‘browsing’ lawns, respectively, and a possible mechanism for the creation and preservation of 
such patterns is the positive feedback that occurs between grazing/browsing and plant 
palatability (Mouissie et al., 2008).  
Plant growth rate is also expected to influence herbivory. Price (1991) proposed a 
hypothesis that any plant module, individual, or species, that grows rapidly and ultimately 
reaches a large size, relative to the mean growth rate and size of the population of modules, 
individual plants or plant species, suffer enhanced probability of herbivore attack due to these 
often having a higher nutrient content and less toxic compounds for herbivore defence. 
Furthermore, forage quality can be improved by regular herbivory due to increased nutrient 
cycling within foraging sites. This can increase the nutritional content of new growth 
(Jameson, 1963; Everson, 1966; Kamstra, 1973; Ydenberg & Prins, 1981; Coppock et al., 
1983; McNaughton, 1985 and DuToit et al., 1990) or increase the availability of green 
nutritious material (Prins et al, 1980; Coppock et al., 1983) but herbivory may also lead to 
progressive depletion of resources (McNaughton, 1984).  
In conjunction with variations in spatial and temporal distribution of resources and 
their growth forms, animal morphology and physiology, and the risk of resource depletion, 
optimal foraging is a challenge for many herbivores (De Vries et al., 1989). Herbivore 
foraging efficiency would increase if information on variations in resource quality and 
quantity were retained, or anticipated, and incorporated into a foraging strategy to optimise 
the cost-benefit balance and to minimise over-utilisation of available resources. The cognitive 
capacity of different animal species for this ability, however, also varies. Larger herbivore 
are, generally speaking, better equipped for processing and interpreting environmental 
information and implementing strategies to benefit from it (Hart et al., 2008). In this regard, 
therefore, the world largest herbivores are interesting case-studies in resource-use ecology.  
 
Mega-herbivore food-plant relationships 
 
Owen-Smith (1988) came up with the term ‘mega-herbivore’ to describe very large 
herbivores with an adult bodyweight greater than 1000 kg. He noted that large body size 
means mega-herbivores are largely immune to non-human predation while their bulk feeding 
allows them to tolerate food of a lower quality than that required by smaller herbivores. In 
addition to larger species being less selective in their dietary choice than smaller species, due 
to lower nutrient requirements per unit of body mass (Jarman, 1974), Bell (1971) pointed out 
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that non-ruminants should tolerate even lower dietary quality than ruminants of similar body 
mass. As hindgut fermenters, their faster digestive passage compensates for lowered digestive 
efficiency on fibrous diets (see also Janis, 1976). Hindgut fermenters are disproportionately 
represented in the mega-herbivore class, for example elephants and rhinoceros (Owen-Smith, 
1988).  
Because of the requirement for large quantities of lower quality food, mega-herbivore 
activity can have a major influence on ecosystem structure and function, primarily on 
vegetation. For example, elephants are a large social species that forages and moves across 
the landscape in large herds (Laws, 1970; Barratt & Hall-Martin, 1991; Huntly, 1991; 
Mapaure & Campbell, 2002; Conybeare, 2004; Staub et al., 2013). While other herbivores 
also influence ecosystem structure, the daily amount of vegetation consumed per elephant is 
greater than by other herbivores (Van Aarde & Jackson, 2007). For this reason mega-
herbivores, such as elephants, need to cover a vast area in order to meet their food 
requirements, a feat that is becoming increasingly difficult owing to anthropogenic reductions 
in, and restrictions to, elephant habitat, especially from land development for agriculture.  
Mega-herbivores are often referred to as ‘ecosystem engineers’ because they can 
modify the relative abundance, architecture, physiology, biochemistry, productivity and 
phenology of plants they feed on and are therefore agents of habitat change (Laws, 1970; 
Bryant, 1981; Bergström & Danell, 1987; du Toit et al., 1990; Ben-Shahar, 1993; Prins & 
Olff, 1998). Such modifications can increase the presence of chemical or physical deterrents 
in plants, reducing subsequent herbivory (Bryant, 1981; Karban & Meyers, 1989; Hulbert & 
Anderson, 2001). More often, however, herbivory leads to increased palatability and 
therefore probability for repeated foraging (Bell, 1971; McNaughton, 1976, 1984; Danell et 
al., 1985; du Toit et al., 1990; Duncan et al., 1998; Bergström et al., 2000). This can lead to a 
positive consumer-resource loop, such as the maintenance of grazing lawns, a process that is 
particularly well-studied in ungulate species (McNaughton, 1984) but not so with mega-
herbivores such as the elephant.  
Elephants are ecosystem engineers because they have complex, scale-dependent 
effects on habitat structure (Bond, 1993; Jones et al., 1996). In Africa, elephant induced 
changes in the structure and composition of vegetation have been studied (Ben-Shahar, 1993) 
and found their impact on woody vegetation has led to a decrease in numbers of trees and an 
increase of open areas (Conybeare, 2004; O’Connor et al., 2007). High elephant abundance, 
however, is not always associated with low woody cover (Chamaillé-Jammes et al., 2009) but 
changes in canopy cover resulting from the uprooting and breaking of trees and shrubs by 
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elephants can influence the species composition and structure of the herbaceous layer (Belsky 
& Canham, 1994). Elephant resource-use may also indirectly impact other herbivores. For 
example, in Africa trends in elephant populations are often correlated with opposite trends in 
browser populations (Valeix et al., 2008). On the other hand, studies also show that elephants 
may facilitate smaller browsers by increasing food availability (Rutina et al., 2005; Makhabu 
et al., 2006a; Pringle, 2008).  
 
Recursion  
The importance of spatial and temporal variation in mega-herbivore resource-use is crucial 
for understanding the relationship of these ecosystem engineers within habitats and plant 
communities (Hastings et al., 2007). A study of recursion – the reuse of resources over 
varying temporal scales – is an approach that can be used to understand this relationship and 
its influence at different spatial scales.  
Foraging recursion by herbivores includes re-browsing plants or re-visiting foraging 
sites. Previous herbivore foraging and resource-use studies have focused on the spatial and 
relatively short-term temporal selection of resources (Johnson, 1980; Thomas & Taylor, 
1990). This approach may result in failure to adequately consider the repeated use of 
resources that are of importance to the species. Understanding recursion patterns is 
fundamental to recognising the factors that govern home-range use and placement as these 
are a product of how an animal adjusts to environmental and biological heterogeneity in 
space and time (Patterson et al., 2008; Bar-David et al., 2009; Benhamou & Riotte-Lambert, 
2012; Riotte-Lambert et al., 2013). 
Studies of recursion are needed in order to explore the spatial and temporal variation 
in animal resource-use. In natural environments resource availability varies in distribution, 
abundance and density through time and animals may re-use some resources and not others. 
For example, a rare plant or site may appear to be avoided compared to others but might be 
the subject of repeated use over a long time frame such that recursion studies of appropriate 
temporal scale may reveal high selection. Additionally, common plants or other sites may 
appear to be highly selected when utilised but are not subject to recursion and so are actually 
seldom used or even avoided longer-term. Thus, temporal studies of recursion are necessary 
to elaborate on spatial variation in availability and selection when assessing food and habitat 
preferences.  
‘Recursion’ is a relatively new term in investigations of temporal variation in resource use. 
Nevertheless, there are a large number of studies of behaviour resembling recursion such as 
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those that explore the influence of spatial memory and foraging (e.g. Thomson 1996, Watts, 
1998; Garrison & Gass, 1999), resource recovery and foraging (e.g. Davies & Houston, 1981; 
Bell, 1990; Williams and Thomson, 1998) or foraging site-fidelity (e.g. Switzer, 1997; 
Barraquand & Benhamou, 2008). These concepts are relevant to studies of recursion but have 
not been applied in this way yet. 
Studies of recursion by large herbivores in uncontrolled environments, for example 
free-ranging animals, are remarkably few but one study explored the frequency of site reuse 
over varying temporal scales (Bar-David et al., 2009) and another the influence of residency 
times on recursion (Riotte-Lambert et al., 2013). These studies, however, have not 
incorporated foraging theory by investigating the influence of site characteristics and 
resource recovery on recursion. The influence of resource recovery on recursion has been 
suggested as the next step (Bar-David et al., 2009) but until now it has not been explored in 
wild animals. 
It is clear that a study of recursion in a mega-herbivore, like the elephant, could make 
a useful contribution to our understanding in ecology. Tests for recursion in a large free-
ranging animal that integrate like concepts and knowledge, might make advances in our 
understanding of resource-use at multiple spatial and temporal scales concurrently.  
 
Conservation implications & the future of recursion studies 
Recognising profitable areas and resources, and the ways these are exploited, can inform and 
foster development of better strategies for conservation and management of herbivore 
populations and their landscapes. According to Sanderson et al. (2002) effective conservation 
planning must include consideration of the heterogenous and dynamic nature of ecosystems 
(Huston, 1994; Pickett & Rogers, 1997; White & Harrod, 1997; Koehler, 2000). Nature is not 
homogenous, and most organisms, at one scale or another, depend on heterogeneity for their 
survival (Pulliam & Danielson, 1991; Hanson et al., 1995; Tilman & Kareiva, 1997). 
Animals rarely use the landscape homogenously, instead tending to cluster their activities 
among resource-rich areas (Charnov, 1976; Holling, 1996). Some species, like elephants, that 
use multiple habitats, depend on temporary concentrations of resources, move through the 
landscape in non-random ways depending on the spatial and temporal distribution of these 
resources (Kozakiewicz, 1995; Kinaird et al., 1996; Lima & Zollner, 1996). Therefore, 
effective conservation planning should address species-specific resource needs at different 
spatial and temporal scales. Studies of recursion can address the influence of environmental 
26 
 
and biological heterogeneity by exploring species resource-use at varying scales. This 
information can contribute to our understanding of the habitat requirements of herbivores, the 
factors determining their space-use patterns, and their food-plant relationships.  
 Ongoing advances in tracking technology allow scientists to explore animal resource-
use in greater detail by tracking animal movements over varying scales. In studies of 
recursion, this technology enables recording of the frequency of returns to sites (Bar-David et 
al., 2009) and the time elapsed between returns and residency times (Riotte-Lambert et al., 
2013). Combined with on-ground measurements of biological and physical variables, 
evaluations of the environmental attributes underpinning high and low use areas over varying 
spatial and temporal scales may contribute to improved understanding of resource-use and 
foraging strategies. 
Previous elephant resource-use and habitat selection studies have assisted 
conservation planning by identifying the influences of habitat fragmentation and conversion 
on elephant populations (Leimgruber et al., 2003). Elephant resource-use has also been 
explored to assist understanding the behavioural patterns associated with human-elephant 
conflict (Sukumar, 1990; Osborn et al., 2004). This has contributed to understanding the 
cause and timing of crop-raids in order to help design locally appropriate mitigation and 
management strategies (Webber et al., 2011).  
Focal species  
The Asian elephant (Elephas maximus) and its four sub-species (Sri Lankan Elephas 
maximus maximus, Sumatran Elephas maximus sumatranus, Bornean Elephas maximus 
borneensis and Indian Elephas maximus indicus), and the two African elephant species 
(savannah Loxondonta Africana and forest Loxondonta cycotis), are a fraction of the 175 
recognised species in the order Proboscidea, many of which became extinct in the Quaternary 
glaciation (Shoshani, & Tassy, 2005). A fifth sub-species of Asian elephant, the Javan 
(Elephas maximus sondaicus) has been extinct in Java since the late 18th century. All Asian 
elephant species are endangered but the Sumatran is critically endangered (Sitompul, 2011). 
African elephants are listed as vulnerable and their numbers are decreasing in many parts of 
Africa due to illegal poaching as a result of the ivory trade as well as from habitat 
degradation and human encroachment (IUCN Redlist, 2014). The main threat to Asian 
elephants and the focal species of this study, the Bornean elephant, is habitat degradation and 
conversion of land from forest to agriculture and the increased human-elephant conflict that 
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subsequently results. In Borneo these are associated mainly with the conversion of forest to 
oil palm plantations (Elaeis guineensis) (Ambu & Andau, 2002; Othman et al., 2013).  
The Bornean elephant is smaller than other Asian elephants and has larger ears, 
straighter tusks and a longer tail. It is found in the eastern and central parts of Sabah as well 
as the extreme north of the Indonesian province of Kalimantan. There are believed to be five 
main concentrations of Bornean elephants (Alfred & Ahmad, 2010), totalling fewer than 
2 000 individuals: in Tabin Wildlife Reserve (140 601 ha); Lower Kinabatangan Wildlife 
Sanctuary (58 809 ha and the location of my study); Deramakot, Ulu Segama and Kalabakan 
Forest Reserves in Sabah (1 080 529 ha); and Ulu Sembakung Nature Reserve in Kalimantan 
(79 408 ha) (Figure 1).  
It is unclear whether the Bornean elephant is native to the island. Fernando et al. 
(2003) claim that it is a separate evolutionary unit and that independent evolution has 
occurred for 300 000 years. However, the presence of this sub-species in Borneo for that 
period has been questioned because there are no authenticated finds of Asian elephant in any 
excavation in Borneo. Excavations in Borneo at Niah cave (Sarawak) and at Madai cave 
(Sabah) did not reveal elephant fossils despite evidence of other large Perissodactyl ungulates 
such as Rhinocerus sondaicus, Dicerorhinus sumatrensis and Tapirus indicus.  
Although the Bornean elephant does not have a recent history of domestication, other 
than being housed in zoos in three countries (Lok Kawi Wildlife Park in Sabah, Portland Zoo 
in America and in unknown Zoos in China), another possibility is that it is descended from 
imported captive elephants that originated in Java and were released in northeast Borneo in 
the 18th century (Cranbrook et al., 2008). This suggests that the Bornean elephant is, in fact, 
an introduced species. If it is descended from the now extinct Javan elephant it should be a 
conservation priority to protect this rare sub-species and its habitat and provide the potential 
for reintroduction to Java.  
The elephants in the Lower Kinabatangan Wildlife Sanctuary, where this study took 
place, are restricted to linear forest bordered by the river and oil palm plantations. There are 
no corridors linking this population to other populations or to other suitable habitats.  The 
closest being > 100 km to the southeast (Tabin Wildlife Reserve) and > 100 km southwest 
(Deramakot Forest Reserve) (Figure 1). Human-elephant conflict in this area is a concern as 
the elephants frequently enter oil palm plantations that have encroached on their home range 
(Estes et al., 2012; Othman et al., 2013). As well as an increase in the area being used for oil 
palm cultivation, conflict is also likely to be associated with the growing population of 
humans in the Kinabatangan area (from 45 746 people in 1990 to 86 783 people in 2000) 
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(Sabah Department of Statistics, 2001) and the growing number of elephants. The elephant 
population in LKWS has been estimated as > 200 (published estimate: 298, 95% CI: 152-
581) (Alfred & Ahmad, 2010). It is believed the number of elephants has doubled in the last 
ten years (Ancrenaz pers. comm.). 
So far, there have been only 11 published manuscripts specifically on the Bornean 
elephant. They include studies of their origin and genetics (Fernando et al., 2003; Cranbrook 
et al., 2008; Sharma et al., 2012), morphometrics (Othman et al., 2008), utilisation of a 
particular tree species (Matsubayashi et al., 2006), density and population estimation (Alfred 
& Ahmad, 2010), home-range behaviour (Alfred et al., 2012), the influence of forest 
fragmentation on elephant movement (Estes et al. 2012), parasite prevalence (Hing et al., 
2013), conservation (Payne et al., 2013) and human-elephant conflict (Othman et al., 2013). 
A thorough understanding of their resource-use and foraging ecology remains to be 
understood in order to guide conservation planning for the species within this fragmented and 
highly cultivated landscape. 
 
Study site  
Location, climate and landscape 
Sabah, one of the 13 states in the federation of Malaysia, is located between the latitudes 4° 8' 
and 7° 22' north of the equator on the North-Eastern tip of Borneo. It covers about 76 000 
km2 in the northern portion of the island. The Lower Kinabatangan Region refers to the lower 
catchment of the Kinabatangan River including its floodplain and tributaries. The region lies 
between longitudes 117° 90’ and 118° 30’ E and latitudes 5° 50’ and 5° 10 N. This area 
represents a major portion of the eastern lowlands of Sabah and includes about 65 000 ha of 
wetlands and 330 000 ha of flood-free land (Hai et al., 2001). The dominant landform of the 
Lower Kinabatangan region is the extensive floodplain and its swamps. Soils are 
predominantly alluvial and derived from sedimentary deposits often rich in magnesium. 
Beyond the floodplains, soils are derived from sedimentary rocks (Azmi, 1998). The area is 
relatively flat with occasional limestone outcrops. Limestone areas are of late-Miocene age 
and are comprised of detrital and coral limestone. 
The Kinabatangan floodplain is characterized by a warm, wet and humid tropical climate. 
The larger temperature variations are diurnal rather than seasonal. Mean monthly 
temperatures range between 21°C and 34°C (Ancrenaz et al., 2004). The north-easterly 
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monsoon brings high monthly rainfall from October to February, although rainfall is also 
common from March to September. Dry months, with mean monthly rainfall <60 mm tend to 
occur at roughly 3-year intervals. The mean annual rainfall is 3 000 mm (Acres & Folland, 
1975). The Kinabatangan River, at 560 km long, is the second longest river in Malaysia and 
has a total catchment area of about 16 800 km2. The river flows in a north-easterly direction 
to the Sulu Sea and is prone to seasonal flooding. During periods of heavy rain the river level 
can rise 15-20 m above basal flow (Payne, 1989).  
The Lower Kinabatangan Wildlife Sanctuary (LKWS) contains the largest floodplain 
forest in Sabah. Habitat types are primarily described by their vegetation in this rainforest 
landscape. The principal vegetation type is lowland dipterocarp made up of seasonally and 
periodically inundated forests. These forests are unique in Sabah because vegetation has been 
shaped by regular flooding which influences soil salinity and composition (Azmi, 1998). 
According to Azmi’s (1998) botanical survey, the major vegetation types within the region 
are freshwater swamps and swamp forests, limestone communities, mangrove forests and 
swamps, and lowland dipterocarp forests. The swamp forests are believed to be the largest in 
Malaysia (Payne, 1989).  
Biodiversity, deforestation & conservation 
The island of Borneo has 221 species of terrestrial mammals, 276 reptiles, 440 freshwater 
fish, 633 birds, 141 frogs and 15 000 plant species (Runting et al. in review). Approximately 
50 of the terrestrial mammals are found in the Lower Kinabatangan region. Primates, 
including the Bornean orangutan (Pongo pygmaeus) and the proboscis monkey (Narsalis 
larvatus), are endemic as well as Borneo’s three mega-herbivores: the Bornean elephant, 
Sumatran rhinoceros (Dicerorhinus sumatrensis) and banteng (Bos javanicus), although the 
latter two species have not been found in the Lower Kinabatangan region for approximately 
20 years (Ancrenaz, pers. comm.). Other notable species present include the Malayan sunbear 
(Helarctos malayanus) and the clouded leopard (Neofelis nebulosa). The floodplains provide 
a wide range of habitats that harbour these diverse concentrations of wildlife, where many 
species are rare and endangered.   
Unfortunately over the last 20 years the emphasis on developing Sabah’s economy has led to 
significant and drastic changes in the landscape. The Kinabatangan District was one of the 
first areas in Sabah to be opened for logging, which reached its peak in the region in the 
1970s and 1980s (Hutton et al., 2005). With the disappearance of valuable hardwood trees, 
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economic policy favoured the conversion of logged forest in the Lower Kinabatangan to 
agriculture (Latip et al., 2013), mainly for palm oil plantations. According to Payne & Andau 
(1997), the progressive disappearance and degradation of forests constitutes one of the major 
environmental problems in LKWS and an estimated 80% of the Lower Kinabatangan 
floodplain has been converted to agriculture or other human-made, non-forest land cover. As 
a result of these anthropogenic influences, including fires, the vegetation of LKWS is 
predominantly secondary growth apart from some primary forest patches located on less 
accessible limestone cliffs.  
Before the 1980s the major conversion of forested land for agriculture was for 
tobacco (1890-1915), jute (1930s), rubber and coconut (1970s). Since then, oil palm has been 
the major crop of the lowlands where areas of forested land have been cleared for large-scale 
plantations (Woods, 1989; Bryan et al., 2013). Conservation efforts in Sabah intensified in 
the late 1970’s when the State Government initiated steps to conduct biodiversity surveys in 
Sabah. Sites significant for wildlife conservation were identified and later declared protected 
areas. Initially, the Lower Kinabatangan was not among those areas identified; it was the 
economic policy that the forested area in the Lower Kinabatangan be converted to 
agriculture. However, the situation changed for the better in the 1980s when scientific 
research continued to produce convincing evidence of the importance of this area for wildlife 
conservation and as a centre of biodiversity (Hai et al., 2001). 
In the late 1980s, the Sabah Ministry of Tourism and Environmental Development 
outlined a proposal to establish the Kinabatangan Wildlife Sanctuary. Following this, World 
Wildlife Fund Malaysia was commissioned by the Sabah Tourism Promotion Corporation 
(STPC) to conduct a study of the tourism potential of the area. The study revealed good 
prospects for nature tourism and also endorsed the concept of a Wildlife Sanctuary (Malim, 
2002). Recognising the high value of the Kinabatangan floodplains, despite the need to 
modify its policy on land development, the State Government in 1992 approved in principle 
the need to establish conservation areas in the Lower Kinabatangan (Vaz, 1997). More recent 
laws require that state oil palm plantations must not extend to the riparian area within 50 
metres of the river to allow movement for wildlife. However, as is the case in many 
developing countries, such laws are not consistently enforced.  
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Thesis structure and content  
My objective was to explore the habitat use and food-plant relationships of the Bornean 
elephant (Elephas maximus borneensis) by focusing on recursion both in theory and in 
practice. I aimed to incorporate optimal foraging theory and mega-herbivore resource-use and 
measure recursion at two spatial scales: site and plant. I wanted to thoroughly review the 
recursion literature and integrate studies exploring behaviours that resemble recursion but use 
different terminology. I also wanted to demonstrate how recursion can be incorporated into 
studies of foraging theory associated with the cost-benefit trade-off in the consumption of 
resources. 
The main theme of this dissertation, recursion, is explored in a detailed synthesis of 
the topic in Chapter Two. This chapter serves as a comprehensive and quantitative literature 
review of the topic in the context of foraging theory. The influence of large body size on 
optimal foraging with respect to recursion will be presented. I will explain how the 
information gained from recursion studies can incorporate foraging theory and how this 
might be beneficial for species conservation. The recursion synthesis guides the design of the 
empirical chapters, including exploration of the patterns of recursion at two scales (Chapters 
Four and Five).  
The vegetative community of the study site is not well understood, therefore before 
commencing my study of recursion, I embarked on a detailed description and classification of 
habitat types within the sanctuary and an investigation to establish the elephant population’s 
relative preference for habitat types (Chapter Three). Habitat type classifications are 
discussed using quantitative analyses of floristic composition and physical characteristics. 
This information then informs the section on elephant habitat use:availability within the 
sanctuary. I hypothesised that elephant habitat use would occur in proportion to habitat 
availability with an avoidance of less optimal areas such as those with high human 
disturbance. The habitat types classified in this section inform the subsequent chapters on 
recursion and resource-use (Chapters Four, Five and Six).  
The first empirical chapter on recursion (Chapter Four) focuses on recursion at the 
site level over a 12-month period. My objective was to determine what site characteristics 
influence recursion and how this relates to the elephants foraging strategy. I hypothesised that 
if recursion is part of the elephant’s optimal foraging strategy then foraging site recursion will 
occur as a function of site quality, extent of last use, and time since last use, because these 
factors influence site resource status and recovery. If this is true for elephants then recursion 
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sites and sites with similar qualities might usefully be incorporated into landscape 
management strategies for elephant conservation in the area. Recursion sites should be 
considered high quality for elephants, particularly if they spend more time within these sites. 
Chapter Four was published in a special edition of Current Zoology on Behaviour and 
Conservation (English et al., 2014b, Appendix Four). 
Sites that receive recursion may have certain characteristics but I was also interested 
to test whether plant recovery rate influences recursion to foraging sites. The second 
empirical chapter on recursion, Chapter Five, is a study designed to explore fine-scale 
recursion to previously browsed plants. My objective was to understand if the elephants 
return to feed on plants after they have recovered. I hypothesised that if the elephants are 
foraging optimally then re-browsing should occur once plants have recovered. However, if 
re-browsing frequently occurs before plant recovery, these resources may be progressively 
depleted. This outcome is expected if insufficient resources are available within the study site 
and may be an indication that the elephant population exceeds carrying capacity of the 
environment. The scale of sampling required to investigate recursion to individual plants is 
very large because plant-recursion occurs as the final choices in a hierarchy of choices: 
habitat, site, and plant. This study serves to inform the design of a much larger scale study 
where inter-dependencies of spatial scale can be addressed. Chapter Five was published in the 
scientific journal PeerJ (English et al., 2015). 
In addition to exploring variation in recursion due to site characteristics (Chapter 
Four) and then testing if recovery time contributes to explaining species and site recursion 
patterns (Chapter Five), I then aimed to identify elephant food-plant preferences and how 
plant growth characteristics influence these preferences (Chapter Six). Based on previous 
literature by Makhabu et al., (2006b), who explored African elephant browse preferences 
associated with the plant vigour hypothesis (Price, 1991), I explored whether this was true for 
elephant food-plant relationships for forest elephants in LKWS and whether the elephants 
preferred browse species that recovered faster. The Plant Vigour Hypothesis (PVH) proposes 
that herbivores show a preference for more vigorously growing or more vigorously 
recovering plants, within and between species, as these plants are considered higher quality 
(Price, 1991). However, larger herbivores tend to be less selective in their food choices and 
tend to substitute quantity for quality (Demment & van Soest, 1985; du Toit & Owen-Smith, 
1989). I therefore hypothesised that the PVH will not apply to elephants in LKWS but that 
browse plant size will influence food preferences by providing access to more food with less 
energy expenditure than would be required to search for additional resources (Vivas et al., 
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1991; Wilson & Kerley, 2003). I also hypothesised that the elephants will prefer food plant 
species proportional to their availability in order to meet intake requirements. Chapter Six has 
been published in the Journal of Tropical Ecology (English et al., 2014c).  
I conclude with a synopsis of what the thesis contributes to elephant landscape 
management strategies in the LKWS and our understanding of large herbivore resource 
relationships. Suggestions for future research into herbivore foraging and recursion are 
discussed. I aimed to contribute to knowledge of plant-mega-herbivore relationships and to 
the limited ecological literature of the Bornean elephant. I also intended to use the 
information gathered in this study to inform conservation professionals and wildlife 
practitioners of ways to optimise Bornean elephant habitat-use in existing forested areas, to 
restore degraded habitat, and to design and locate corridors that link forest fragments. 
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Chapter Two 
Recursion and its application to foraging by a mega-herbivore 
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Abstract 
Herbivores may use the landscape in ways that are efficient but also in ways that enhance 
resources. Both of these outcomes can be achieved by the repeated use of plants, plant 
communities or foraging sites over varying temporal scales, a behaviour known as recursion. 
Recursion patterns are fundamental to understanding resource-use by herbivores as they are a 
product of how an animal adjusts to, and influences, environmental and biological 
heterogeneity in space and time. Few studies have explored recursion, or behaviours similar 
to recursion, in uncontrolled environments and on wild animals, and even fewer have 
explored it in large herbivores. Studies of recursion that incorporate vegetation depletion and 
renewal rates can determine if herbivores are utilising resources optimally, such as returning 
to sites once resources have fully recovered, or returning too soon and over-utilising them. 
Furthermore, not only can studies of recursion improve our understanding of plant-herbivore 
relationships but also its influences on plant community structure. The predictions that 
optimal foraging theory makes for recursion, and its implications for foraging herbivores, are 
discussed in this review and synthesis of current knowledge about recursion. How recursion 
might be incorporated into studies of resource-use and the integration of a disparate literature 
from this review is then used to guide the design of later empirical chapters.  
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Introduction 
Feed quality and the spatial distribution of foraging patches may influence the foraging 
strategies of herbivores and the way in which they utilise the landscape (Owen-Smith & 
Novellie, 1982; Belovsky, 1984; Pyke, 1984; Adler et al., 2001). Herbivores may use the 
landscape in ways that are efficient but also in ways that facilitate improved resources. Both 
of these outcomes can be achieved by the repeated use of plants, plant communities or 
foraging sites over varying temporal and spatial scales. This repeated use is known as 
‘recursion’. Although this behaviour is likely to be ubiquitous and central to the theory of 
optimal foraging, it has been explored very little in wild animals, or in a way that 
incorporates foraging theory (Bar-David et al., 2009; Riotte-Lambert et al., 2013). 
Understanding recursion patterns is fundamental to recognising the factors that govern 
resource and home-range use and placement as these are a product of how an animal adjusts 
to environmental and biological heterogeneity in space and time (Patterson et al., 2008; Bar-
David et al., 2009; Benhamou & Riotte-Lambert, 2012; Riotte-Lambert et al., 2013). Recent 
studies of recursion movement have shown that it does occur in wild herbivores, and it is 
suggested that this type of behaviour is part of an animal’s optimal foraging strategy (Bar-
David et al. 2009; Wolf et al. 2009; Li et al. 2012; Benhamou & Riotte-Lambert, 2012).  
 
Optimal foraging theory 
Optimal foraging theory argues that diet selection by generalist herbivores is significantly 
influenced by trade-offs between the advantage of consuming a given diet component and the 
cost of searching for it (Stephens & Krebs, 1986). Travel time and distance travelled in 
search of food cost herbivores considerable energy (De Vries et al., 1989). Hence, foraging 
decisions that minimise energy expenditure are likely to be more efficient. Less efficient 
strategies are expected to be selected against. To minimise energy expenditure and make 
optimal use of its home-range, a herbivore would benefit by evaluating vegetation depletion 
and renewal rates (McNaughton et al., 1997). This strategy would reduce the occurrence of 
returning to areas exploited recently, or returning to areas with little positive feedback such as 
poorer quality sites.  
Herbivores may also increase resource productivity and quality leading to increased 
future consumption, thus creating a positive consumer–resource loop (McNaughton, 1997; de 
Mazancourt et al., 1998; Holdo et al., 2007). Evidence of herbivory enhancing resource 
quality and availability has been investigated across a variety of landscapes, including 
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African savanna (McNaughton, 1988), North American prairies (Detling & Painter, 1983), 
European temperate grassland (Bos et al., 2005), and arctic tundra (Olofsson et al., 2001). 
Increased leaf productivity (McNaughton, 1976; Cargill & Jefferies, 1984; Ruess & 
McNaughton, 1984; Bazely & Jefferies, 1989; Hik & Jefferies, 1990) and an increase in leaf 
nutrient concentration (McNaughton, 1979; McNaughton et al., 1997; Coppock et al., 1983; 
Ruess et al., 1984; Olofsson et al., 2004) has been related to herbivory (Cromsigt & Kuijper, 
2011). Moreover these returns may accelerate nutrient cycling in highly grazed sites 
(McNaughton et al., 1997). Nevertheless, these relationships depend on the plant growth 
potential as some plants are non-renewing or very slow to renew, causing patches to be 
progressively depleted (Owen-Smith, 2002). Herbivores may therefore utilise resources in 
such a way as to encourage long-term optimisation of return, rather than by exploiting and 
depleting them in the short-term (Gordon & Lindsay, 1990). For example, recursions may be 
part of an optimal foraging strategy for herbivores timing returns to feed on recovering 
resources in a high stage of productivity. Conversely, some plants produce more chemical 
and physical deterrents as a response to herbivory, such as toxins or spines, which 
presumably add a cost to the herbivore (Karban & Myers, 1989). 
Optimal foraging strategies focus on patch choice, patch-use and patch departure, but 
Charnov’s (1976) model is limited in two ways because it assumes that food is obtained by 
foragers continuously and that a forager automatically knows, at any point in time, the exact 
rate at which food is being consumed (Oaten, 1977). Optimal foraging has heuristic value 
(Pyke, 1984) but it is recognised that animals rarely behave exactly optimally. Less than 
‘optimal’ foraging can result from environmental unpredictability, incomplete knowledge, or 
interactions between the two (Dall et al., 2005). The marginal value theorem (MVT) 
(Charnov, 1976) suggests that a herbivore should abandon a resource patch when forage is 
depleted to the local average. Animals might therefore avoid previously visited sites (i.e. 
negative correlation between spatial familiarity and site selection) when resources are 
depleted below the local average (Wolf et al., 2009). 
Two commonly referred to theories associated with a cost-benefit trade-off in the 
consumption of a resource are giving up densities (GUD) and ideal free distribution (IFD) 
(Fretwell & Lucas, 1970; Charnov, 1976). The theory of GUD predicts that patches of 
resources, or sites, are utilised until the cost of utilising them further is greater than the cost 
of moving to the next patch, or the potential gain of utilising them further is less than the gain 
from searching for another patch (Charnov, 1976). If GUD is a true representation of how 
large herbivores use habitat, then recursion to a site should not occur by animals from the 
39 
 
same group after using it, until the site has recovered. Alternatively, if they do return to the 
site before recovery, they should not have exhausted the resources at the previous visit. 
IFD predicts that animal density or utilisation per unit resource should be the same 
across the landscape because the higher the quality of the habitat the larger the density of 
animals it can support. Although higher quality sites have more resources, they support more 
animals of the same species. Lower quality sites support fewer animals (Fretwell & Lucas, 
1970). If IFD is a true representation of how animals use habitat then the utilisation of a site 
and how frequently recursion occurs should happen in proportion to the site’s relative quality.  
Patterns of resource-use may also be facilitated by individual ability to learn and 
recall the location of previously profitable areas. For example, inherited attributes and 
experience, individual and social learning systems, predispositions toward novel stimuli, and 
spatial memory are likely to contribute to foraging decisions (Fryxell, 1995; Adler et al., 
2001; Redfern et al., 2003; Launchbaugh & Howery, 2005). According to Wolf et al. (2009), 
if spatial familiarity does not determine site selection then there would be no evidence of 
preferential selection of previously visited locations. This would be the case if there is little 
difference in quality between recursion and non-recursion sites. Moreover, an animal may 
return to a site for the same reason it selected it in the first place − high resource availability. 
However, if spatial memory does influence site selection we would expect animals to return 
to higher quality sites and avoid lower quality sites for improved foraging success (Wolf et 
al., 2009).  
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Previous studies of recursion  
Bar-David et al. (2009) introduced the term ‘recursion’ as a movement pattern in wild buffalo 
(Syncerus caffer). They provided a qualitative indication of the time-scale at which recursions 
occurred but did not outline specific areas of high-use. Li et al. (2012) went further by 
proposing to directly apply the method used by Bar-David et al. (2009) to a time series of 
presence/absence events in a given area to detect periodicity in recursions using a simulation 
model. Despite their approach focusing on highly used areas this technique also did not 
identify favourable foraging areas (Riotte-Lambert et al., 2013). For instance, some areas, 
such as track crossings, can be visited often without involving high residence times and 
therefore areas with preferred resources are likely to be underestimated using this approach 
(Riotte-Lambert et al., 2013). The third and most recent study of recursion by Riotte-Lambert 
et al. (2013) on impala (Aepyceros melampus) identified areas of particular interest in terms 
of mean residence time per visit and recursion frequency.  
These former works of identifying and assessing recursion movement show the 
frequency of recursion, the time period over which recursion occurs and, in the latest paper 
by Riotte- Lambert et al. (2013), its relationship with the intensity of site use. They do not, 
however, answer questions about what influences these recursion patterns, such as its 
relationship with site characteristics, the relationships between residence time and the time 
between recursions, and whether these metrics and relationships are supported by foraging 
theory. An empirical and systematic study of these influences within a theoretical framework 
is yet to occur. 
Recursion is a relatively new terminology in the ecological literature. But studies 
pertaining to processes that lead to recursion or that are consequences of recursion have been 
explored extensively, particularly in controlled environments. I explore the historical trend in 
the contribution of recursion and related studies (specifically spatial memory and site reuse, 
site-fidelity and optimal foraging theory). I then quantify the amount of literature on animal 
site reuse behaviours to illustrate the scarcity of studies available for large herbivores 
compared to other smaller vertebrates (Figure 1 and Appendix Six). 
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Figure 1. 
Literature associated with A) vertebrate foraging studies (not including large herbivores) 
compared to the literature available related to B) large herbivore foraging was quantified 
between the years 1970 - 2014 using a scientific database  (Web of Science). Literature 
associated with the following terms were quantified: ‘Optimal foraging theory vertebrates’, 
‘vertebrate spatial memory and foraging’, ‘feeding site fidelity vertebrates’, optimal foraging 
theory large herbivores’, ‘large herbivore spatial memory and foraging’, ‘feeding site fidelity 
large herbivores’ and ‘herbivore recursion’. Publications included in the figure are located in 
an electronic file (Appendix Six) and are listed in order of publication date for each of the 
above topics.
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Spatial memory of resource locations may greatly improve foraging success. Temporal 
patterns in site revisits have been related to resource recovery (e.g. in insects (Bell, 1990; 
Williams & Thomson, 1998) and birds (Motacilla sp.) (Davies & Houston, 1981)). The 
predictability and order of repeated visits to previously utilised sites has been explored 
extensively in bumblebees (Bombus sp.) (Comba, 1999; Heinrich, 1976; Manning, 1956; 
Thomson, 1996; Thomson et al., 1982, 1987), euglossine bees (Euglossini spp.) (Janzen, 
1971; Ackerman et al., 1982; Dressler, 1982), butterflies (Danaus sp.) (Gilbert, 1980), 
hummingbirds (Phaethornis spp.) (Gill, 1988; Garrison & Gass, 1999; Tiebout, 1991), 
wagtails (Motacilla sp.) (Davies & Houston, 1981), bats (Glossophaga sp., Pippistrellus sp.) 
(Lemke, 1984; Racey & Swift, 1985), and primates (Saguinus spp., Cebus sp., Gorilla sp.)  
(Garber, 1988; Janson, 1998; Watts, 1998) – species for which foods are highly 
heterogeneously distributed because they are flowers and fruits. Additionally, the influence of 
resource renewal on site reuse has been explored using simulations of animal movement 
patterns (Possingham, 1989; Bar-David et al., 2009; Ohashi & Thomson, 2005). 
Nevertheless, only a few studies have explored foraging site reuse in uncontrolled 
environments and these studies are largely limited to primates (Garber, 1988; Watts, 1998; 
Garber & Jelinek, 2006; Erhart & Overdorff, 2008; Porter & Garber, 2013; Janmaat et al., 
2006) and a few ungulates (Syncerus sp., Aepyceros sp.) (Bar-David et al., 2009, Riotte-
Lambert et al., 2013) (Table 1). The concepts are not well described or tested, but especially 
undeveloped for large wild vertebrates in uncontrolled habitats. 
Site-fidelity, which can be a consequence of recursion, is the tendency of an animal to 
return to a previously occupied area or remain within the same area for an extended period of 
time (White & Garrott, 1990). This behaviour has been documented in a variety of species 
including birds and mammals (Greenwood & Harvey, 1982; Switzer, 1993; Wittmer et al., 
2006) and is often a component of breeding behaviour (Schmidt et al., 2007), the result of 
social interactions (Wolf & Trillmich, 2007), or the outcome of an animal being territorial 
(Switzer, 1993; Börger et al., 2008). Site fidelity may also be due to the efficient exploitation 
of resources in areas that are adequate for food, mates and protection (Switzer, 1997; 
Barraquand & Benhamou, 2008) and can subsequently improve our understanding of the 
underlying mechanisms that result in an animal’s use of its seasonal range (Schoen & 
Kirchhoff, 1985; Aycrigg & Porter, 1997). Recursion to foraging sites, in conjunction with 
breeding, territoriality and social interactions, may therefore lead to site-fidelity over time.  
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Table 1. Current literature on recursion and foraging site reuse by vertebrates in uncontrolled 
environments where bold represents studies that use the terminology ‘recursion’. Studies of 
recursion amongst free-ranging vertebrates have, so far, been limited to studies of primates 
and ungulates. 
 
Authors Year Location Species 
Garber 1988 Amazon basin, 
Northeastern Peru 
 
Moustached (Saguines 
mystax) & Saddle-back 
(Saguinus fuscicollis) 
Tamarins 
 
Watts 1998 Karisoke Reasearch 
Centre, Rwanda 
 
Mountain Gorilla 
(Gorilla gorilla 
beringei) 
 
Garber & Jelinik 2006 Isla de Ometepe, 
Nicaragua 
 
Nicaraguan Mantled 
Howler Monkey 
(Alouatta palliata) 
 
Erhart & Overdorff 2008 Madagascar 
 
Lemur (Propithecus 
edwardsi & Eulemur 
fulvus) 
 
Wolf et al. 
 
 
2009 Rocky Mountains, 
Canada 
 
Wapiti (Cervus elaphus) 
 
Bar-David et al. 2009 Klaserie Private 
Nature Reserve & 
Kruger National Park, 
South Africa 
 
African Buffalo 
(Syncerus caffer) 
 
Benhamou & Riotte-
Lambert 
 
 
2012 W Regional Park, Niger 
Basin 
 
African Buffalo 
(Syncerus caffer) 
 
Riotte-Lambert et 
al. 
 
 
2013 Hwange National Park, 
Zimbabwe 
 
Impala (Aepyceros 
malampus) 
 
Porter & Garber 2013 North Bolivia 
 
Weddell's Saddleback 
Tamarin (Saguinus 
fuscicollis weddelli) 
 
Janmaat et al. 2013 Tai National Park, Cote 
d'Ivoire 
 
Chimpanzee (Pan 
troglodytes verus) 
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Recursion at two scales: site and plant  
 
 A foraging site is a collection of patches in a contiguous spatial area that animals graze 
during a foraging bout (Bailey et al., 1996). Recursion rates and the time an animal allocates 
to foraging sites per visit can indicate their attractiveness and value to a population or species, 
particularly when compared to sites that do not receive recursion.  The unique characters of 
sites at which foraging recursion occurs, such as floristic composition and biophysical 
features can be used to identify the biotic and abiotic drivers of site recursion. Foraging 
would be more efficient if the interval between visits (recursions) to sites reflected the extent 
of previous use and the profitability of the site. For example, animals might allow more time 
to pass before returning to a site if resources were previously exhausted or they might return 
sooner if resources within a site were utilised sparingly. 
At the plant level, if herbivores monitor vegetation renewal rates and re-browse on 
plants after they have recovered, this would also increase their foraging efficiency. If this 
were the case then sites with slowly recovering plants may show less frequent recursions than 
those sites with faster recovering species. If a herbivore returns to a site and feeds frequently 
on unrecovered plants, resources would be progressively depleted and this may lead to the 
carrying capacity of the environment being reduced. Recursion to individual plants, and sites, 
is therefore expected to be strongly determined by plant recovery after herbivory. 
 
Recursion by elephants 
Body size 
 
Body size is a key factor influencing the foraging decisions of mammalian herbivores. Due to 
lower mass-specific metabolic requirements and a larger gut volume, large herbivores are 
better able to survive on lower quality food compared to small herbivores (Bell, 1971; Jarman 
1974;  Demment & van Soest, 1985). Large herbivores tend to trade quality for quantity, as 
the benefits of ingesting abundant forage resources outweigh the costs of searching for forage 
of higher nutritional return, which is usually rarer in the environment (Demment & van Soest, 
1985; Owen-Smith, 1988). Elephants are the largest land mammal, requiring large quantities 
of resources to meet their nutritional and metabolic needs (Benedict, 1936). A study of 
recursion and foraging behaviour by elephants therefore represents the uppermost extreme of 
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the relationship between a herbivore and its reuse of sites or resources. Reuse of profitable 
areas, or recursion, may be a foraging strategy employed by elephants to maximise their feed 
intake and minimise energy expenditure. We might also expect a positive feedback between 
repeated use and resource quality. However, there are reasons why we might also expect 
elephants to be less recursive than other herbivores. For example, we would expect large 
herbivores like elephants to return to foraging sites only when food plants have sufficiently 
replenished because they are bulk feeders. Elephants might also be less recursive than smaller 
herbivores, due to larger herbivores having a reduced requirement for high quality food (i.e. 
food plants do not need to be at the optimal stage of regrowth). Furthermore, more resources 
would be consumed per visit resulting in more time for resources to replenish and therefore 
less frequent recursions. On the other hand, elephants have a highly developed spatio-
temporal memory (Hart et al., 2008). I would expect the capacity of elephant, therefore, for 
well-developed, carefully timed spatio-temporal reuse of resources to be greater. 
 
Influence of spatial memory and social learning 
 
Anecdotally, elephants have long been considered to have a relatively high capacity for 
memory, for example, retention of spatial and temporal knowledge – and this idea has been 
supported in empirical studies conducted on elephant cognition (Bates et al., 2008; Hart et 
al., 2008). Hart et al. (2008) found that elephants appeared to excel in long-term, extensive 
spatial-temporal and social memory. According to Fagan et al. (2013) spatial memory 
provides animals with many advantages. At local scales, these benefits include improved 
choice of critical locations, such as food patches. At larger scales, spatial memory aids 
navigation in landscapes, and relocating essential sites or resources that are only available 
periodically (Bingman & Cheng, 2005; Janmaat et al., 2006; Papastamatiou et al., 2013). 
Long-term memory should be especially valuable in landscapes with a predictable spatial and 
temporal distribution of resources, where remembering locations and their attributes would be 
beneficial in increasing fitness through more directed movements or timely returns (Fagan et 
al., 2013), such as recursions. On the other hand, memory would also be beneficial in 
changing or unpredictable environments where associative learning allows animals to adapt 
to recent changes in their environment as opposed to innate foraging behaviour. 
To forage optimally, elephants may use their spatial memory to return to areas within 
their home-range where, in the past, they have gained positive nutritional feedback. This 
process might enable more time for ingesting replenished or higher quality or quantity (larger 
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individual or large numbers of) food plants, thus increasing foraging efficiency, rather than 
moving through the landscape and sampling food randomly. One must bear in mind, 
however, that the existence of recursions is not always a reliable indicator of memory, 
particularly at the fine-scale (Benhamou & Riotte-Lambert, 2012). At a fine-scale, recursion 
may stem from the remote perception and response to a stimulus indicative of a favourable 
site. At a large-scale, it is more likely that recursions are governed by spatial memory 
because revisited areas are beyond an animal’s immediate perceptual range (Benhamou & 
Riotte-Lambert, 2012).  
Elephants may maintain spatial and temporal knowledge of food distribution, quantity 
and quality, but they may also utilise areas as a way of ‘information gathering’ (Bailey et al., 
1996). If this is so, then one might predict that elephants may use a newly discovered or re-
sampled site lightly but return to it later to fully exploit it after knowing its high value relative 
to other known sites; that is, recursion is associated with site-sampling. In this case site 
acceptance may be manifested over lengthening time-scales (Owen-Smith, 2002). If this is 
how elephants forage, recursion should also occur over short time-scales, by the same groups, 
and the second and subsequent visits would involve greater utilisation than the first. This 
would be evidence for optimal habitat-use by GUD under the constraint of imperfect 
knowledge. One would also expect the time to recursion and amount of utilisation to correlate 
with site quality (IFD). For example, the higher the quality of the site the shorter should be 
the time to recursion and residence time greater. However, if recursion occurs over longer 
time scales and time between returns corresponds to food-species recovery then it is evidence 
for the operation of GUD with perfect information. The quality of the site will be indicated 
by the positive relationship between rate of recovery and recursion rate. In these ways current 
optimal foraging theory makes mutually exclusive and testable predictions about the function 
and pattern of recursion in elephant.  
Social learning is often seen as an adaptive mechanism which allows animals to 
transfer the location of desirable foods and habitats, but it can also be maladaptive. Sheep 
(Gluesing & Balph, 1980; El Aich & Rittenhouse, 1988; Provenza et al., 1996), cattle 
(Hodder & Low, 1978), goats (Biquand & Biquand-Guyot, 1992), deer (Gillingham & 
Bunnell, 1989), and moose (Anderson, 1991) can walk long distances searching for 
previously used preferred plants or sites but pass areas with abundant forage along the way. 
Geist (1971) proposed that bighorn sheep (Ovis canadensis) could not expand their 
established home ranges because young animals conformed to the habitat-use patterns of their 
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predecessors. Thus, social learning adds another dimension to investigations of recursion, 
especially for social, long-lived animals like elephant. 
Given the social cohesiveness of elephant herds and the strength of social bonds 
among elephants, there seems to be ample opportunity for social learning to occur (Greco & 
Brown, 2013). All species of elephants form large social networks with hierarchical, multi-
level organisation, which suggests that elephants have a high level of social complexity 
(Bates et al., 2008). Weaning occurs at 4 years but daughters remain with their mother for 
life, resulting in a semi-permanent group of related females. A matriarch, usually the oldest 
female, leads each family (Moss, 2012). 
In elephants, patterns of recursion to sub-optimal areas may result from information 
passed on from the matriarch of the herd. Tight cohesion among familiar herd members 
could, therefore, constrict habitat-use patterns and keep individual animals from seeking or 
exploring new and perhaps more optimal foraging sites and result in recursion ‘errors’ – the 
return to previously used sites that are not profitable. For instance, brief, foraging-poor visits 
to revisited sites, or neglect of other higher quality but nonetheless also available sites, might 
indicate recursion errors. If social learning-induced recursion errors occur in elephants then 
we would expect no difference in the quality, time spent at sites and time period between 
returns for recursion and non-recursion sites.  
 
Technological advances facilitate studies of recursion 
 
The literature of large herbivore site reuse, which is currently far less than for smaller 
vertebrates (Figure 1 and Table 1) is expected to increase with developments in animal-
tracking technology. Before GPS technology, a study of recursion by wild animals in an 
uncontrolled environment would be labour intensive and logistically challenging. GPS 
technology now enables precise and inexpensive ways of monitoring and mapping animal 
movement – securing vast quantities of data over varying temporal scales. Animal positions 
provide the elemental unit of movement paths and show where individuals interact with the 
ecosystems around them (Cagnacci et al., 2010). Incorporating on-ground ecological 
measurements and direct observations whilst quantifying recursion patterns using GPS 
technology can provide a more robust assessment of what influences animal resource-use 
over a variety of spatial scales. Future studies of recursion should incorporate all of these 
research techniques to address recursion frequency, residency time, time between returns and 
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site composition including floristic composition and physical characteristics. This 
information can identify the location of critical sites and what qualities influence this value at 
a species-specific level. 
 
Recursion, ecology and conservation 
I have described how a study of recursion can test foraging theory in large herbivores. 
Foraging efficiency is expected to increase if the period between returns to sites to feed 
reflects how extensively the site was previously utilised. Site quality is also expected to 
influence recursion where higher quality sites should receive more recursions, similarly to the 
expectations of the Ideal Free Distribution but through time rather than in space. To improve 
the cost:benefit trade-off in consuming resources within foraging sites herbivores would also 
benefit by returning to sites after resources have recovered. These expectations highlight the 
importance of exploring recursion at different spatial scales such as at the site and plant level.  
My review of the literature has demonstrated the need for integrating the large amount 
of research on spatial memory and site reuse, resource recovery and site reuse, and foraging 
site-fidelity with the new research topic of recursion. Furthermore, I quantified the scarcity of 
studies of recursion and recursion processes, like spatial memory and resource recovery, in 
large, wild herbivores. Studies of recursion would benefit from a better understanding of 
spatio-temporal memory and social learning, but studies of recursion are also an opportunity 
to investigate the role of spatio-temporal memory and learning in ecology of free-ranging 
animals.   
Understanding recursion ecology can inform conservation planners of animal 
resource-use needs and identify habitat areas and resources within these areas that are of high 
conservation priority. The wider implications of recursion can lead to an understanding of the 
formation of animal home-ranges and migration routes, informed by the distribution and 
location of critical resources that are identified by studies of recursion. Wildlife practitioners 
and managers may then incorporate this information into the design of reserves and the 
location or placement of corridors linking these profitable areas to ensure ongoing access. 
Furthermore, patterns of herbivore recursion will contribute to understanding animal food-
plant relationships and the influence of this behaviour on plant-community dynamics. For 
example, if herbivores are facilitating and engineering growth of certain species (Olff & 
Ritchie, 1998).  
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The material reviewed in this chapter guided my design of Chapters Four and Five: 
site and plant level recursion by the Bornean elephant and how patterns of recursion at these 
levels might be used to advise policy makers of landscape management strategies that benefit 
elephant conservation in Sabah. The main threat to the endangered Asian elephant (Elephas 
maximus) is habitat loss caused by human encroachment (IUCN Redlist, 2014). This is also 
true for the Asian sub-species, Elephas maximus borneensis. The habitat in which this sub-
species is found is highly fragmented and in most cases the elephants are restricted to forest 
fragments surrounded by oil palm plantations (Elaeis guineensis). Understanding the 
relationship between this mega-herbivore and its remaining resources is crucial to their 
conservation and management of their remaining habitat. 
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Chapter Three 
Habitat classification, availability and use by elephants in the Lower 
Kinabatangan Wildlife Sanctuary, Sabah.  
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Abstract 
The habitat preferences of elephants in the Lower Kinabatangan Wildlife Sanctuary were 
explored in relation to habitat availability. Habitat preferences are assumed to reflect their 
ecological importance to wildlife and it is therefore crucial to identify them in order to design 
effective management strategies. I expected elephants, as generalist herbivores, to utilise a 
wide range of habitat types proportional to their availability but avoid those with poor 
resources or high risk. The floristic composition and physical characteristics of all habitat 
types within the elephant population range had not been previously quantified. I conducted a 
habitat type classification analysis and identified two additional habitat types not previously 
described. Variation between four habitat types was identified using multidimensional 
scaling. Ten randomly placed strip-transects, 1 km long and 4 m wide, were used to quantify 
the availability and use of habitat types by elephants. All elephant dung piles, footprints and 
feed-sign were recorded within strip-transects as an index of habitat use. Elephant dung and 
footprints could not be used in the analysis because forest-floor flooding in two habitat types, 
swamp and semi-inundated forests, made them less detectable. Thus, only feed sign was 
used. I found that the elephants were selective of one habitat type that had not previously 
described for this study site, open grass areas along forest margins, despite this habitat type 
being one of the least common (used 32%, available 14%). The elephants avoided swamps 
(used 6%, available 21%) and recently logged or cultivated areas (used 6%, available 11%) 
and selected lowland mixed dipterocarp and semi-inundated forest in proportion to their 
availability (used 34%, available 34% and used 21%, available 22% respectively). This result 
highlights the importance of open grass areas for the elephant population and therefore the 
need for this habitat type to be protected and incorporated into landscape management 
strategies in the Lower Kinabatangan. 
 
 
 
 
 
53 
 
Introduction 
 
Central to the study of animal ecology is the use an animal makes of its environment, 
specifically the kinds of foods it consumes and the varieties of habitats it occupies (Johnson, 
1980). Foods and habitats are resources to animals. A preference for a resource is described 
when it is shown to be used substantially more than it is available. Resources used 
disproportionately more than they are available are also said to be ‘selected’ and those used 
less ‘avoided’ (Manly et al. 2002). Animals’ preferences, and selection or avoidance of 
resources, are defined, therefore, by their departure from random use (Johnson, 1980) and are 
relative metrics whose values are conditional on the availability of all other resources (foods 
or habitats) to the animal (Aarts et al., 2008).  
Resource selection and avoidance may take place at different spatial scales, the largest 
of which is at the scale of habitats within the range of a population (Johnson, 1980). 
Measuring animal habitat selection and avoidance is essential because it allows for the 
identification of habitats that are influential in the distribution and abundance of wildlife 
populations because those habitats contain critical resources or because they do not (Beyer et 
al., 2010). Habitat preferences, therefore, are assumed to reflect their ecological importance 
to wildlife populations and measuring them is a common beginning for many ecological 
studies of wildlife (Manly et al., 2002).  
Elephant habitat selection and avoidance (use:availability) has been extensively 
researched for Asian (Elephas maximus) and two African species (Loxodonta africana and 
Loxodonta cyclotis). Studies have informed us of elephant preferences and seasonal and 
diurnal influences on these preferences (Sukumar, 1989; Steinheim et al., 2005) such as the 
influence of seasonal water availability and forage quality (Laws, 1970; Sukumar, 1989; De 
Boer et al., 2005; Steinheim et al., 2005; Galanti et al., 2006; Shannon et al., 2006; Kumar et 
al., 2010). The influence of body size and social behaviour has also been explored to explain 
differences in habitat use between male and female elephants (Stokke & du Toi, 2002; 
Shannon et al., 2006). Patterns of habitat use have been used to understand elephant 
movement at different spatial scales, such as at the habitat or site scale (De Knegt et al., 
2011; Shrader et al., 2012) and in the development and structure of home-ranges (De Boer et 
al., 2005; Wall et al., 2011; Sitompul et al., 2013).  
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Habitat-use patterns have informed conservation practitioners of crucial elephant habitat 
requiring protection as well as ways in which to reduce human-elephant conflict by 
describing the predictability of elephant movements across the landscape (Galanti et al., 
2006; Harris et al., 2008). Habitat use studies where elephants encounter forest logging, other 
causes of deforestation, and conflict with humans (Rood et al., 2010; Estes et al., 2012) have 
found that elephants avoid areas with human presence (Theuerkauf et al., 2001; Harris et al., 
2008; Kumar et al., 2010) and prefer areas with virgin or re-established forest vegetation and 
riparian habitats (Kumar, 2010). 
Habitat selection and avoidance has not been investigated in the Bornean elephant 
(Elephas maximus borneensis), but studies on their movement through fragmented and non-
fragmented forest have found that use of habitat ordinarily expected to be preferred is 
impacted by human encroachment (Alfred et al., 2012; Estes et al., 2012). A habitat use study 
has been somewhat prevented by the absence of quantitative assessments of habitat types – 
floristic composition and physical characteristics – within the elephant population’s range in 
the Lower Kinabatangan Wildlife Sanctuary (LKWS). Some habitat types were described 
semi-quantitatively by Azmi (1998) but these have not been published and need to be 
evaluated empirically. Azmi (1998) classified 6 habitat types: lowland mixed and hill 
dipterocarp forest, limestone forests, seasonal swamps, tidal swamp forest, permanent swamp 
and mangroves. However, the methods for establishing the classifications are unclear and two 
of these habitat types are not within the elephant’s range (tidal swamp forests and 
mangroves). 
My objective for this chapter was to categorise quantitatively the habitat types 
available to elephants within the LKWS and measure their use at the broad spatial scale, 
across their range, during the mid to late dry season in order to identify habitat types of 
ecological importance to this population. First, I conducted a multidimensional scaling 
analysis to identify the different habitat types available to elephants. I use the outcome of this 
analysis to offer a quantitative modification on Azmi’s scheme. Using estimates of those 
habitat types for use and availability, I then quantified elephant selection and avoidance (or 
neutrality) of those habitats by the elephant population. Elephants, as large generalist 
herbivores, possess a wider food quality tolerance than smaller herbivores and so a more 
diverse and even use of habitat was expected (Owen-Smith, 1988) where utilisation of a 
variety of habitat types should occur proportional to their availability. However, the LKWS is 
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also a highly human-impacted landscape and so I also expected elephant habitat use to be 
influenced by human use of the landscape and incursions into the sanctuary.  
 
Method 
This study was conducted in the mid to late dry season (June – August 2010) when flooding 
is less likely to limit access to elephant habitat and travel along sampling transects, especially 
in the riparian zone and forest swamps. 
Measurements of environmental and biological variables were taken along 10 
randomly distributed 1 km transects positioned perpendicular to the Kinabatangan River 
within the LKWS and the area used by elephant. A distance of 1 km was selected because 
beyond this distance the landscape is predominantly oil palm plantations surrounded by 
trenches and/or electric fences and is not part of the sanctuary.  Locations of transects were 
determined by placing a grid over a map of the sanctuary; each square in the section of the 
grid aligned with the river edge was numbered 1 to 80 and 10 were randomly drawn to 
determine the approximate start point of each 1km transect.  If the randomly selected location 
was too narrow (i.e. < 1 km) a new location was selected (See Figure 1, Chapter 4, page 78 
for transect locations).  
 
a) Habitat classification 
  
Floristic composition along transects was measured every 100 m and was recorded by 
presence/absence of plant taxa within a 5 m radius of each point. A total of 41 plant species 
were recorded.  Plant families not represented by at least 10 individuals across all transects 
were not included in the dataset for analysis. Plant families removed from the analysis due to 
small sample size were Pterydophyta, Phyllanathaceae, Dipterocarpaceae, Rubiaceae, 
Annonaceae, Moraceae, Anacardaceae, Sapindaceae,  Melastomaceae, Guttiferae, 
Sterculiaceae and Vitaceae. Plant families included in the analysis were Leguminosae, 
Arecaceae, Euphorbiaceae, Myrtaceae, Dillineaceae, Poaceae, Cyperaceae, Lauraceae, 
Ebenaceae and Zingiberaceae.  
Environmental variables were also measured at the same sites every 100 m and 
included elevation (m), distance to water (m), shade percentage and understorey cover 
percentage, and used in analyses with floristic composition to categorise habitat types. 
Elevation and distance to the nearest fresh water source (river, tributary or lake) were 
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measured using a Garmin 60csx. Shade percentage was measured using a spherical 
densiometer. This tool enabled calculation of the percentage of the sky that was obscured by 
canopy. Canopy cover was reflected onto a 24 cell grid convex mirror (see Lemmon, 1956). 
Understorey cover was measured using a 2 m long PVC pipe marked every 2 cm along its 
length. The number of 2 cm marks covered by vegetation was counted from a distance of 5 m 
when the pipe was held horizontally 30 cm from the ground by an assistant. This was then 
converted to a percentage of understorey cover. 
To identify variation in floristic assemblage and environments responsible for habitat 
types, I used PERMANOVA implemented in PRIMER (Clarke & Gorley 2006). 
Multidimensional scaling (MDS) (Clarke & Warwick, 1994) used a priori habitat type 
classifications from Azmi’s (1998) study as well as my own habitat type additions of semi-
inundated dipterocarp forest and open grass areas. Recently cleared or cultivated areas were 
not included in the analyses because these areas were relatively void of plants (except for oil 
palm) and contained man-made structures. The Bray-Curtis index was chosen for 
environmental variables and plant composition (Beals, 1984) and the Jaccard Index was 
selected due to presence/absence data being used (Real & Vargas, 1996).  The environmental 
variables and floristic composition responsible for dissimilarities between habitat types were 
identified using Similarity Percentage analysis (SIMPER). 
 
b) Habitat availability 
Habitat type, based on my habitat classifications from the analysis in (a), was recorded 
retrospectively at 100 m intervals along each of the 10 1 km randomly distributed transects. 
The number of recordings within each habitat type was compared to the total number of 
records to estimate the proportionate availability of each habitat type. Three habitat types in 
the Lower Kinabatangan were not sampled by this technique; the mangrove swamps, tidal 
swamp forests and limestone cliffs, but these were also not used at all by the elephants and so 
were not represented in this study.  
 
c) Elephant habitat use 
Elephant habitat use was measured continuously along each of the 10 transects. Elephant 
dung, footprints and feed sign were recorded wherever they were observed within 2 m either 
side of the transect as evidence of elephant habitat use. As elephants are the largest animal in 
the study site their dung is comparatively larger than other animals such as wild boar (Sus 
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scrofa) and sambar deer (Rusa unicolor) and therefore easy to identify (Figure 1A).  Elephant 
feed sign differed from other herbivore feed sign as elephants tend to select larger portions of 
plants, often breaking branches or causing more visible disturbance in order to access young 
leaves or vines (Figure 1B). They are also capable of reaching forage up to 5 m from the 
ground far beyond the reach of wild boar and sambar deer. Felling trees is also common by 
elephants in order to access young shoots, roots and leaves. Other sign such as footprints 
(Figure 1C) and/or dung are often found close to feed sign. At every location of elephant sign 
the habitat characteristics and habitat type, based on my own and Azmi’s (1998) 
classifications, were recorded. These habitat types were later confirmed based on the results 
of the habitat classification analyses in (a). I chose a 4 m wide strip-transect for recording all 
elephant sign because I could not be confident of detecting all sign at greater distances from 
the transect in dense forest.  
 I hypothesised that the permanent presence of above-ground water in swamps and 
semi-inundated dipterocarp forest would reduce dung and footprint visibility and, therefore, 
add a negative detection bias to my records of elephant sign and use in those habitat types.  
Nevertheless, I also suspected that the three types of elephant sign would be strongly spatially 
associated with each other in all habitat types. I compared the rates of the three signs across 
habitat types to check for detection bias. I aimed to determine, therefore, whether elephant 
feed sign, being more visible across all habitat types, was a satisfactory index of elephant 
habitat use without recourse to elephant dung and footprints. In order to do this I measured 
the spatial autocorrelation of these elephant use signs. The distances (metres) from dung to 
the nearest feed sign (n=35) and from footprints to the nearest feed sign (n=39) were 
calculated and then compared to a random selection of distances between nearest neighbour 
feed signs.  
  The frequency of counts for use of each habitat type for feeding (feed sign, n=47) and 
habitat availability (n=100) was converted to a percentage of total use or availability for 
presentation in the figures. A chi-square test was used to determine if there was any 
significant difference between habitat use for feeding and availability for each habitat type.  
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Figure 1. A) Elephant dung B) feed sign and C) footprints as measures of habitat use along  
10 1 km randomly distributed transects, LKWS. 
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Results 
a) Habitat type classification  
Variation between four habitat types: lowland mixed dipterocarp forest; semi-inundated 
dipterocarp forest; swamp forest and open grass areas along forest margins, was evident using 
MDS and PERMANOVA. Recently logged or cultivated areas were not included in the 
analyses but were categorised as a fifth habitat type. Semi-inundated dipterocarp forest and 
open grass areas had not previously been described quantitatively and discriminated from 
other habitats (Figure 2a and 3a). Permanova tests found significant variation in all 
environmental variables between the four different habitat types (F1, 3  = ≤1.6,  P= ≤0.02) 
except elevation (F=1, 31.0, P=0.42) (i.e. ranged between 15 m and 32 m) and understorey 
cover (F1, 3  = ≤1.6,  P= 0.06) (Table 1). Floristic composition also varied significantly (F1, 3 = 
≤13.0, P= ≤0.01) amongst habitat types (Table 2). Similarity Percentage analysis identified 
that shade percentage and distance to water accounted for the greatest dissimilarity between 
habitat types (Figure 2b) and the presence of Poaceae, Cyperaceae, Leguminosae and 
Lauraceae accounted for the greatest dissimilarities in floristic composition between habitat 
types (Figure 3b).   
 
Table 1. Results of PERMANOVA (permutation analysis of variance) examining the 
association of Environmental site characteristics and Habitat types. All environmental 
covariates were statistically significant except Elevation and Understory cover.  
Source df       SS     MS Pseudo-F P(perm) Unique perms 
Elevation 1 2925 2925 1.0098 0.428 9948 
Water 1 9640.6 9640.6 3.328 0.0017 9947 
Shade 1 28151 28151 9.718 0.0001 9938 
Understorey 1 5528.7 5528.7 1.9086 0.0642 9938 
Habitat 3 18950 4737.6 1.6355 0.021 9886 
Residuals 46 1.33E+05 2896.8                         
Total 53          
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Table 2. Results of PERMANOVA (permutation analysis of variance) examining the 
association of plant family presence/absence and Habitat types. Statistically significant plant 
families between habitat types included Leguminosae, Poaceae, Lauraceae, Ebenaceae and 
Dillineaceae. 
 
Source df     SS     MS Pseudo-F P(perm) Unique perms 
Leguminosae 1 4486.4 4486.4 11.687 0.0008 9937 
Poaceae 1 7984.9 7984.9 20.8 0.0001 9936 
Cyperaceae 1 1095 1095 2.8523 0.0916 9927 
Zingiberaceae 1 259.06 259.06 0.67483 0.4437 9927 
Arecaceae 1 658.45 658.45 1.7152 0.1865 9942 
Euphorbiaceae 1 740.26 740.26 1.9283 0.1537 9932 
Ebenaceae 1 1842.2 1842.2 4.7986 0.0243 9933 
Lauraceae 1 2788.1 2788.1 7.2626 0.0073 9939 
Myrtaceae 1 190.4 190.4 0.49597 0.516 9919 
Dillineaceae 1 5988.9 5988.9 15.6 0.0004 9928 
Habitat 3 20097 5024.2 13.088 0.0001 9952 
Residuals 40 15356 383.89                          
Total 54 
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Figure 2. A) Multidimensional scaling ordination plot for environmental variables and 
habitat type as the factor B) Similarity Percentage Analysis (SIMPER) determined the 
percentage of each environmental variable responsible for the most dissimilarity between 
habitat types (SI=Semi-inundated, LMDF=lowland mixed dipterocarp, Sw=Swamp, Gr= 
Grass area) and elevation (m), distance to water (m), understorey density (%) and shade (%) 
as environmental variables.  
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Figure 3. A) Multidimensional scaling plot ordination with habitat type as the factor and 
floristic composition as biological variables (Leguminosae, Arecaceae, Euphorbiaceae, 
Myrtaceae, Dillineaceae, Poaceae, Cyperaceae, Lauraceae and Ebenaceae). B) Similarity 
Percentage Analysis (SIMPER) determined the percentage of plant families responsible for 
most dissimilarity between habitat types.  
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b) Habitat availability  
Habitat type availability measures identified that lowland mixed dipterocarp forest (LMDF) 
is the most common habitat type within 1 km of the Kinabatangan River in LKWS (34%) 
(Figure 4), followed by swamp (22%) (Figure 5) and semi-inundated dipterocarp forest 
(21%) (Figure 6). Open grass areas (14%) (Figure 7) and recently logged or cultivated (11%) 
(Figure 8) are less common (see also Figure 11).  
 
 
Figure 4. Lowland mixed dipterocarp forest in LKWS. 
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Figure 5. Semi-inundated dipterocarp forest in LKWS. 
 
 
Figure 6. Swamp in LKWS 
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Figure 7. Open grass area in LKWS 
 
 
Figure 8. Recently logged habitat in LKWS 
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c) Elephant habitat use for feeding 
The relative frequencies of the three types of elephant sign – dung piles (n=48), footprints 
(n=61), and feeding sign (n=47) – varied between the five habitat types (Figure 9).  
Footprints were the most common sign in drier habitats (open grass areas, LMDF, and logged 
or cultivated areas) but feed sign was more commonly found as evidence of elephant 
activities in semi-inundated and swamp habitats. Dung and footprints were only 42% of all 
sign in swamp and 56% in semi-inundated but were 90% in open grass areas and recently 
logged or cultivated. LMDF was 72%. We would expect water to obscure dung and footprints 
and to accelerate their decay and destruction (Barnes et al., 1995). The pattern in detection 
across habitat types met my expectations that water would reduce my ability to detect 
ground-based sign and would introduce a negative bias in semi-inundated and swamp 
habitats. The reduced presence of water in semi-inundated habitat appeared to also result in 
an intermediate condition between swamp and drier habitats.  
 
 
 
Figure 9. Frequency of elephant signs in each habitat type recorded along10 randomly 
distributed 1 km transects (LMDF=lowland mixed dipterocarp forest). 
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The distances between dung and nearest feed sign (n= 35, average = 17 m, median = 10 m, 
SD = 4.38), and footprints and nearest feed sign (n=39, average = 17 m, median = 12 m, SD= 
5.42) were significantly less than the distances between a random selection of distances 
between feed sign and nearest-neighbour feed sign (average = 90 m and median = 62 m, t-
test, df=34, P= <0.01  (Figure 10A) and average = 95 m and median = 63 m, t-test, df=37, 
P=<0.01) (Figure 10B). Thus, dung and footprints were spatially associated with feed sign 
and so the latter was used in the habitat-use analyses as a reliable indicator of use across all 
habitat types where year-round wet conditions prevent ground-deposited sign from being 
reliably detected or persistent.  
There was a significant difference between elephant habitat use for feeding (feed sign) 
and habitat availability (Chi-square, N=147, P= <0.05) (Figure 11). Lowland mixed 
dipterocarp forest and semi-inundated dipterocarp forest were used in proportion to their 
availability, whereas recently logged or cultivated was used half as much and swamp a third 
as much as availability. The elephants selected open grass areas more than double the 
availability, indicating a preference for this habitat type. 
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Figure 10. A) C
om
parison of distance betw
een dung and nearest neighbour feed sign (black bar) w
ith feed sign and nearest neighbour feed sign 
(w
hite bar) and B) footprints and nearest neighbour feed sign (black bar) w
ith feed sign and nearest neighbour feed sign (w
hite bar).
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Figure 11. Percentage of available habitat types (n=100) and habitat use for feeding by 
elephants (n=47). Sample sizes are shown above bars. (LMDF=Lowland mixed dipterocarp 
forest). 
 
 
Discussion  
Five habitat types utilised by elephants are described in the LKWS. Two habitat types, 
lowland mixed dipterocarp forest and swamp, had been described in a report published by 
World Wildlife Fund, Malaysia (Azmi, 1998). Two others had been referred to anecdotally 
but had not been described or quantified as separate habitat types: open grass areas and semi-
inundated dipterocarp forest. The fifth habitat type: recently logged or cultivated, may have 
been any of the above habitat types at some point but at the time of observation had been 
cleared for cultivation, logging, human habitation or infrastructure.  
 
LMDF was the most common habitat type with semi-inundated forest and swamp 
ranking second and third most common. LMDF was characterised by high shade cover and 
presence of woody species (Euphorbiaceae, Lauraceae, Myrtaceae, Ebenaceae, Dillineaceae 
and Leguminosae) and early successional species like Zingiberaceae. Semi-inundated forest 
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was characterised by low understorey density, presence of palms (Arecaceae), lianas 
(Leguminosae) and woody species (Myrtaceae and Euphorbiaceae).  This habitat type also 
retained water for longer after rainfall compared to LMDF. Swamp was comprised of 
permanently or seasonally inundated forest containing plant species tolerant of high water 
tables. Vegetation varied between open herbaceous swamps and swamp forests. Swamp 
forest was generally low in stature with an irregular open canopy. Trees include those from 
the families Myrtaceae and Euphorbiaceae. Understorey in swamps was either sparse or 
dense with species commonly from the families Cyperaceae and Poaceae.   
Open grass areas, including within riverine areas as well as inland grass patches along 
forest margins, is formed by a combination of natural hydrological river processes as well as 
man-made forest clearing and natural forest disturbance. It contained a variety of species in 
Poaceae, predominantly Phragmites sp., Pennisetum sp. and Dinochloa sp. Canopy cover was 
minimal, resulting in prevalence of early successional species such as those from 
Zingiberaceae. Understorey cover was high. Woody species from the family Dillineaceae 
were common. Recently logged or cultivated habitat represented areas with recent or ongoing 
human disturbance such as near villages, roads and cultivation. There was minimal natural 
growth with the exception of some early successional species and cultivated crops. This 
habitat type was ranked last but proved to be a surprisingly large minority (11%) given that 
transects were located from the Kinabatangan River and confined to within 1 km – an 
indication of ongoing encroachment of agriculture into elephant habitat in the region. 
Importantly, elevation was one habitat characteristic that did not influence the habitat types. 
Canopy cover and soil composition are probably the major influences on vegetation 
composition and structure in the LKWS jungle, although soil composition was not measured 
in this study.   
Previous studies of elephant habitat use have relied on direct observations of 
elephants (Kumar et al., 2010; Shrader et al., 2012), presence of dung (Wilson et al., 2013), 
or positions of elephants recorded via satellite tracking (DeBoer et al., 2005). At the time this 
research took place no detailed vegetative map of the sanctuary was available, therefore 
determining habitat use by using elephant locations via satellite tracking was not possible. 
On-ground measures were therefore necessary to establish the characteristics of habitat types 
as well as their use by elephants. Feed sign proved to be a useful proxy for elephant habitat 
use because its presence was associated strongly with the other forms of spoor and sign 
recorded (dung and footprints) that were less reliable where soil moisture conditions, 
especially periodic or permanent flooding, introduce a negative detection bias in some 
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habitats; for example, swamps and semi-inundated habitat. Arguably, feed sign is also the 
more appropriate metric of elephant habitat use because it indicates habitat use for foraging 
and excludes habitat use for travelling that may be a disproportionate part of habitat use in 
fragmented forest landscapes like the LKWS but not indicative of the value of the habitat to 
elephants.   
The elephants in LKWS showed a relatively strong preference for just one habitat 
type: the patches of open grass areas that are typically located along the riparian zone of the 
Kinabatangan River and inland forest margins. LMDF, the most common habitat type, was 
also frequently used by the elephants but, along with semi-inundated dipterocarp forest, it 
was used in proportion to its availability. Thus LMDF constitutes a substantial portion of the 
total habitat used by elephant but it was not preferred. Semi-inundated habitat was the third 
most used habitat type and was neither preferred nor avoided. Swamp on the other hand, was 
an avoided habitat type, as were areas that had been recently logged or cultivated.  
Like this study, earlier studies have found Asian elephants to prefer riparian and forest 
margin ecotone areas but avoid areas of ongoing human disturbance (Kumar et al., 2010). 
Riparian zones and forest margins are areas at an interface between different vegetation 
communities and do not necessarily represent a specific habitat type as such but rather a zone 
comprised of a number of habitat types. Nevertheless, such zones are comparatively 
biodiverse. Moreover, in the LKWS they are most often an interface between forest and small 
patches of open grass areas that are at the edges of rivers and forest. Thus, riparian and forest 
margins may have several properties attractive to elephants such as access to water and a 
diverse range of food plants that grow within the forest edge beneath an enclosed canopy and 
others that flourish in open areas alongside these margins, such as early successional plants 
like grasses, gingers and bamboos. These open areas may also provide ease of movement 
compared to movement within the forest or swamps.  
Studies of other forest elephant taxa (Loxodonta cyclotis) (Blake, 2002) and (Elephas 
maximus) (Sukumar, 1990) describe forest elephant preference for a browse diet and 
therefore habitat types containing these browse species, unless grass was the dominant 
vegetation. On the other hand, Tchamba & Seme (1993) and Olivier (1978) found grasses to 
be the preferred diet of forest elephants despite grass areas being less abundant. In LKWS, 
although open grass areas cover just 14% of the landscape (compared to 56% forested areas 
and 21% swamp) this habitat was preferred.  
For the purposes of my study it was necessary to identify the habitat types utilised by 
the elephants and the habitat composition including the habitat types that make up the 
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riparian zone. Without specific classification of open grass areas and semi-inundated forest in 
the LKWS their importance to various species, including elephants, cannot be understood.  
Moreover, many open grass areas, regardless of whether their origin is natural or augmented 
by logging, are believed to impede movement, dispersal and social activities of other species 
such as proboscis monkeys (Nasalis larvatus) (Sha et al., 2008). Patches of open grass areas 
along the river may also be considered less visually appealing to tourists visiting the area to 
observe wildlife from boats along the Kinabatangan River. In recent years attempts have 
therefore been made to reforest many of these areas to improve forest connectivity for 
wildlife, particularly primates, and to improve visual appeal for the tourism industry.  
My results have identified and described a habitat type of importance to the elephant 
population in LKWS – open grass areas – as well as provided quantitative characterisation of 
established categories. Furthermore, the information gained in this study will be used to 
inform the remaining chapters that explore the influence of floristic composition and physical 
characteristics of habitat types amongst foraging sites on finer-scale elephant resource-use, 
such as the use of sites and forage plants. Understanding the habitat preferences and, in later 
chapters, the qualities of the habitats that influence elephant spatial and temporal use of 
foraging sites, can foster and inform management strategies for the elephant population by 
identifying key areas and resources for the species. If the elephant population depends on 
open grass areas, which are scattered and few across the landscape, in order to meet their 
resource needs, then conservation planners must incorporate these areas into a landscape 
management strategy. 
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Chapter Four 
Foraging site recursion by forest elephants  
 
 
 
 
 
 
 
Sub-adult males feeding in an open grass area alongside an oil palm plantation,  
Lower Kinabatangan, Sabah, 2010 
 
 
 
 
Authors note: Chapter Four was published in the journal Current Zoology in a special 
edition on Behaviour and Conservation in July 2014 (Appendix Four).  
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Abstract 
Recursion by herbivores is the repeated use of the same site or plants. Recursion by wild 
animals is rarely investigated but may be ubiquitous. Optimal foraging theory predicts site 
recursion as a function of the quality of the site, extent of its last use, and time since its last 
use because these influence site resource status and recovery. We used GPS collars, 
behaviour and site sampling to investigate recursion to foraging sites for the two main 
elephant (Elephas maximus borneensis) herds in the Lower Kinabatangan Wildlife Sanctuary, 
Borneo, over a 12 month period. Recursion occurred to 48 out of 87 foraging sites and was 
most common within 48 hours or between 151-250 days, indicating two different types of 
recursion. Recursion was more likely to occur if the site had previously been occupied for 
longer. Moreover, the time spent at a site at recursion was the same as the time spent at the 
site on the previous occasion. The number of days that had passed between the first visit and 
recursion was also positively correlated with how much time was spent at the site at 
recursion. Habitat type also influenced the intensity of site-use, with more time spent at 
recursion within open grass areas along forest margins compared to other habitat types. 
Recursion is a common behaviour used by the elephants and its pattern suggests it may be a 
foraging strategy for revisiting areas of greater value. The qualities of recursion sites might 
usefully be incorporated into landscape management strategies for elephant conservation in 
the area.  
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Introduction 
Understanding how animals utilise and navigate a landscape is essential to comprehending 
species ecological and population processes (Stephens & Krebs, 1986; Turchin, 1991; 
Bartumeus et al., 2005). Feed quality and the spatial distribution of foraging sites may 
influence foraging strategies of herbivores and the way in which they utilise the landscape 
(Owen-Smith & Novellie, 1982; Belovsky, 1984; Pyke, 1984; Senft et al., 1987; Adler et al., 
2001). Recognising foraging patterns across the landscape has benefits for species and habitat 
conservation. The spatial and temporal variation in species foraging behaviour and habitat 
utilisation may be incorporated into landscape management strategies and habitat assessment.  
The return by animals to previously utilised foraging sites is known as recursion. 
Studies of recursion are few (Bar-David et al., 2009; Li et al., 2012; Riotte-Lambert et al., 
2013). However, studies of animal behaviours that resemble recursion have been explored 
more extensively. Those studies used different terminology to recursion but have explored a 
similar process. Examples of foraging recursion include; the influence of spatial memory and 
resource relocation in bees (Kadmon, 1992; Williams & Thomson, 1998; Stout & Goulson, 
2002; Menzel et al., 2005), nectar feeding birds returning to flowers (Gill, 1998; Burke & 
Fulham, 2003), sheep and cattle returning to grass patches (Bailey et al., 1989; Dumont & 
Petit, 1998) and primates returning to fruit trees (Garber, 1988; Janson, 1998; Watts, 1998; 
Garber & Jelinik, 2006; Erhart & Overdorff, 2008; Janmaat et al., 2013; Porter & Garber, 
2013).  
Temporal pattern in site revisits have been related to resource recovery, for example 
in insects (Bell, 1990; Williams & Thomson, 1998) and birds (Motacilla sp.) (Davies & 
Houston, 1981). The predictability and order of repeated visits to previously utilised sites has 
been explored extensively in bumblebees (Bombus sp.) (Comba, 1999; Heinrich, 1976; 
Manning, 1956; Thomson, 1996; Thomson et al., 1982, 1987), euglossine bees (Euglossini 
spp.) (Janzen, 1971; Ackerman et al., 1982; Dressler, 1982), butterflies (Danaus sp.) (Gilbert, 
1980), hummingbirds (Phaethornis spp.) (Gill, 1988; Tiebout, 1991; Garrison & Gass, 1999), 
wagtails (Motacilla sp.) (Davies & Houston, 1981), bats (Glossophaga sp., Pippistrellus sp.) 
(Lemke, 1984; Racey & Swift, 1985), and primates (Saguinus spp., Cebus sp., Gorilla sp.)  
(Garber, 1988; Janson, 1998; Watts, 1998). Additionally, the influence of resource renewal 
on site reuse has been explored using simulations of animal movement patterns (Possingham, 
1989; Ohashi & Thomson, 2005; Bar-David et al., 2009). Nevertheless, only some studies 
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have explored foraging site reuse in uncontrolled environments and these studies are largely 
limited to primates (Garber, 1989; Watts, 1998; Garber & Jetlinik, 2006; Erhart & Overdorff, 
2008; Janmaat et al., 2013; Porter & Garber, 2013) and a few ungulates (Syncerus sp., 
Aepyceros sp.) (Bar-David et al., 2009; Riotte-Lambert et al., 2013).  
Habitat quality and its importance to animals, or individual resource quality and its 
importance within foraging sites, might be best understood by measuring the amount of time 
animals spend at these sites and how frequently they return to them. Single point-in-time 
surveys, designed to identify selected resources or avoided habitat features, that do not take 
into account temporal variation in resource-use might under- or over-estimate the relative 
importance of sites visited and their resource characteristics. If an animal repeatedly visits a 
site and spends more time at a site relative to others, this may help to identify high quality 
areas or more critical resources.  
We investigated foraging site recursion by a wild population of Bornean elephants 
(Elephas maximus borneensis) and the foraging mechanisms that might explain recursion 
behaviour. Our aims were to identify if recursion occurs, how often, and what environmental 
and biological variables may influence this behaviour. In an optimally foraging herbivore, 
recursive site-use should be a function of the intensity of last use. Recursion should also 
relate to time since last use to allow for resource recovery after depletion (Ohashi & 
Thomson, 2005). The composition of the site should influence recursion because a herbivore 
will have specific resource requirements and site quality and recovery rates may vary with 
endogenous (for example, nutrient content) and exogenous (for example, climatic) influences. 
Recursion behaviour may also, however, be an indicator of diminishing habitat of suitable 
quality or capacity because, as prime habitat becomes less available, recursion frequency 
should increase but time spent at sites decline. However, over time we would expect an 
optimally foraging herbivore to avoid unprofitable areas.  
We expected elephants to spend more time at recursion sites per visit compared to 
non-recursion sites if the former were higher quality.  Additionally, we expected elephants to 
return to sites at two temporal scales. Longer recursion times should occur in order for 
resources to sufficiently recover, especially where the site was used more extensively 
previously. Short-term recursions should occur as part of a site-sampling strategy (Owen-
Smith, 2002). We also expected site characteristics, such as habitat type, distance to water, 
distance to human habitation, shade and understorey cover to influence recursion and the 
intensity of site use. We expected more intensive use of sites within habitats containing 
preferred food plants of the Bornean elephant, such as within open grass areas along forest 
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margins (English et al., 2014c), sites closer to a water source (McKay, 1973; Sukumar, 
1990), sites further from human habitation (Blake, 2002) and sites less shaded (Barnes et al., 
1995; Powell, 1997) allowing for more understorey growth, in particular grasses and 
bamboos (McKay, 1973; Shoshani & Eisenberg, 1982).  
 
Methods  
Study site and focal species 
 
This study focused on the area between the villages of Abai and Batu Puteh (5° 18’ -N 5º  42’ -
N, 117° 54’ -E 118º  33’ -E), which were the downriver and upriver limits of the LKWS 
elephant population’s range. The study area contains 7 sections, each section referred to as a 
‘lot’ (approximately 218 km2), including 89 km2 of protected forest reserves (Estes et al., 
2012). The elephant herds utilised their whole range throughout the year including use of 
privately owned forests and cultivated land, particularly oil palm plantations that were 
adjacent to and between forested areas.  Elephants in LKWS are mostly restricted to the 
linear fragments of forest along the Kinabatangan River (Estes et al., 2012) (Figure 1).  
See general Introduction, pages 26-28 for more detail of study site and focal species.
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Figure 1. M
ap of the Low
er K
inabatangan W
ildlife Sanctuary, Sabah. (A
dapted from
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w
w
.cloudedleopard.org). B
lack points illustrate the areas 
used by the tw
o focal herds for 12 m
onths from
 1/04/11 to 1/04/2012. W
hite points indicate the location of foraging sites that received recursion.   
(R
ed points are locations of 1 km
 transects from
 C
hapter Three habitat use:availability).
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Site location 
 
Two adult female elephants from the two main herds of the population in LKWS, each 
consisting of approximately 20-30 individuals, were randomly selected to attach a collar with 
a GPS transmitter in 2011. Neither female was the matriarch of her herd. Positions were 
recorded at hourly intervals for 12 months from April 2011 to May 2012. We identified and 
visited sites used by the elephants in April and May 2011, the early- to mid-dry season, and 
measured recursion to these sites over 12 months. Sites were distributed throughout their 
range with one site identified and measured per day. All sites were >300 m apart. To identify 
sites used by the elephant herds, the latest GPS position recorded of each group on the days 
of observation was located and then fresh elephant sign, (footprints, dung, feed sign and 
vocalisations) was tracked until the focal female and her herd were located.  
Once an elephant group was sighted we positioned ourselves at a distance so as not to 
disturb them. The activity of the majority of elephants at the site at the time of observation 
was recorded as either foraging, resting or moving. Moving sites were those where the focal 
female and her herd were seen walking without stopping to feed. Resting sites were areas 
where the majority of elephant in the group were seen standing motionless, apart from ear 
and tail movement, or lying down and not feeding. Foraging sites, the focus of this study, 
were areas where the majority of the herd were seen collecting and ingesting food at the time 
of observation. Once the activity of the group was categorised we then counted the number of 
elephant in the group and then waited and allowed the group to move before sampling the 
site. These observations were carried out on the two separate groups. 
 
Site characteristics 
 
Foraging sites refer to areas in which we observed the herds during April-May 2011. These 
were the sites where recursion was measured over 12 months. The habitat type of each site 
was categorised as one of open grass areas along forest margins, lowland dipterocarp forest, 
semi-inundated dipterocarp forest, swamp and recently logged or cultivated land according to 
previous classifications (Azmi, 1998; English unpub. data, Chapter Three). Distance to the 
nearest water source (m), proximity to human habitation (m), shade (%) and understorey 
cover (%) were also recorded at each site. Distance to water and proximity to human 
habitation were measured using a Garmin 60csx Global Positioning System (GPS). Water 
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sources included rivers, tributaries and ox-bow lakes but did not include swamps of stagnant, 
non-free flowing water. Proximity to human habitation was the distance in metres to areas 
with frequent human presence such as villages, dirt roads, bitumen roads and plantations. 
Shade percentage was measured using a spherical densiometer. This tool enabled calculation 
of the percentage of the forest canopy cover which was reflected onto a 24 cell grid convex 
mirror and measured near the centre of where the herd had been observed (see Lemmon, 
1956). Understorey cover was measured using a 2 m long PVC pipe marked every 2 cm 
along its length. The number of 2 cm marks covered by vegetation was counted from a 
distance of 5 m when the pipe was held horizontally 30 cm from the ground by an assistant. 
This was then converted to a percentage of understorey cover in an area resembling the 
understorey vegetation before elephant disturbance.  
 
Defining and measuring site recursion 
 
A site was defined as the area that covered 100 m radius surrounding each measurement point 
taken from the centre of the elephant herd (Appendix One). The density of hourly GPS 
recordings was used as a measure of the amount of time spent within a 100 m diameter of the 
measurement point at each foraging site and was quantified for comparison between 
recursion and non-recursion foraging sites. The number of individuals in each group was 
counted on one hundred separate occasions for each group and was between 20-30 
individuals per group (Group 1= 25 ± .24 and Group 2= 26 ± .26). 
Using the recorded GPS positions from the elephant collars uploaded to Google Earth 
(Google Inc. 2010) along with the locations of foraging sites, we counted the number of 
returns to each site within 12 months, since the date of direct observation. The time period 
between each return was quantified. GPS points with a Positional Dilution of Precision 
(PDOP) of  > 6 were removed from analyses due to lack of precision (Langley, 1999).  
 
Statistical analyses 
 
The data collected from both elephant groups, was analysed using a t-test to compare 
differences in the frequency of recursion events, density of points at sites and the above 
mentioned habitat variables. The only variable that was significantly different between the 
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two elephant groups was shade% (Appendix Two). However this variable was later removed 
from further analyses and so the datasets were pooled (see below). 
 A Principal Components Analysis (PCA) reduced confounding effects of partial 
correlation between environmental variables (distance to water, proximity to human 
habitation, shade % and understorey %). The PC identified that understorey and shade were 
strongly associated with Eigenvalues <1 and were therefore removed from further analyses, 
thus reducing the number of covariates in the model to distance to water and proximity to 
ongoing human habitation. 
A Generalised Linear Model (GLM) (SPSS version 18.0, 2009) was used to determine 
if foraging site characteristics including distance to water, proximity to human habitation and 
habitat type influenced the dependent variable of recursion (1 = recursion 0 = no recursion). 
The amount of time the herd spent at a foraging site at the first visit (when the herd was 
initially observed at the site) was also included to determine if this influenced whether the 
site was later returned to. 
A further GLM was used to analyse foraging sites with recursion to determine if there 
was a relationship between the time spent at the site at the first visit, time (days) between 
visits, proximity to human habitation, distance to water,  habitat type and the dependent 
variable – time spent at the site at recursion. 
The number of foraging sites where elephants were seen feeding on grasses/bamboo, 
gingers, palms, lianas and woody species (Table 1) was quantified and compared between 
recursion and non-recursion sites using a one-way ANOVA test . Food plants selected were 
measured from direct observation of elephants feeding, with plants seen ingested by the 
elephants identified to species level and later categorised into the above growth forms. 
A chi-square test was used to determine if recursion frequency varied over temporal 
scales or if variation occurred randomly with no significant influence of time.  
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Table 1. Plant species and their growth form selected by elephants at foraging sites in the 
Lower Kinabatangan Wildlife Sanctuary, Sabah. 
Family Genus Plant form 
Poaceae Dinochloa scabrida Grass/Bamboo 
Poaceae Pannicum sp. Grass 
Poaceae Phragmites karka Grass 
Poaceae Pennisetum sp. Grass 
Zingiberaceae Alpinia ligulata Ginger 
Maranthaceae Donax canniformis Ginger 
Arecaceae Licuala sp. Palm 
Arecaceae Calamus caesius Palm 
Arecaceae Arenga sp. Palm 
Leguminosae Spatholobus sp. Liana 
Leguminosae Fordia splendidissima Liana 
Lophopyxidaceae Lopophaxis mangai Liana 
Dilleneaceae Dillenia excelsa Woody species 
Sterculiaceae Pterospermum sp. Woody species 
Euphorbiaceae Mollotus sp. Woody species 
Euphorbiaceae Claoxylon sp. Woody species 
Euphorbiaceae Maccaranga sp. Woody species 
Myrtaceae Eugenia sp. Woody species 
Moraceae Ficus sp. Woody species 
Guttiferae Garcinia parvifolia Woody species 
 
 
Results 
Recursion 
 
Eighty-seven foraging sites were measured. Seventy-five movement and 43 resting sites were 
also initially measured but not included in the analyses for this study, which is focusing on 
recursion to foraging sites only. Foraging sites were returned to by each herd over varying 
temporal scales ranging from within days, to weeks and months of the previous visit. Forty-
eight foraging sites were returned to within 12 months. A large percentage of sites were 
returned to within 48 hours of the previous visit and the remaining sites were returned to over 
varying time-scales peaking again between 151-250 days. The difference in recursion 
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frequency through time, therefore, was not random (Chi-square, df= 10, P= 0.00. Figure 2). 
Elephants spent more time at the first visit compared to the second visit if they returned 
within 48 hours to a site (t-test, N=11, P=0.00). 
We found a significant positive relationship between the hours at a site at the first 
visit and recursion (x21=10.68, P=0.001, Figure 3), with more time spent at sites that were 
returned to. No relationship was found between hours at the site on first visit and other 
biological or environmental site characteristics including distance to water, proximity to 
human habitation or habitat type.  
We also found a significant positive relationship between the number of days between 
visits (Figure 4a), time spent at a site at the first visit (Figure 4b) and habitat type (Figure 4c) 
with the amount of time at a site at recursion (hours at first visit, Wald chi-square = 89.51, 
df=1, P= 0.00, days between returns, Wald chi-square= 13.77, df=1, P=0.00, habitat type, 
Wald chi-square=3.44, df=1, P=0.043). 
From direct observations of the elephant herds foraging we found that there was a 
significant relationship between recursion and foraging sites where they were seen feeding on 
grasses and bamboos (ANOVA, df=86, F1, 86 =14.041, P=0.000) and a significant relationship 
between feeding on lianas and foraging sites that were not returned to within the 12 month 
study period (ANOVA df=86, F1, 86 =8.501, P=0.005) (Figure 5). Woody plants, palms and 
gingers had no significant influence on recursion (P=0.095, P=0.157 and P=0.504 
respectively).  
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Figure 2. Time period (days) between recursions by Bornean elephants in the Lower 
Kinabatangan Wildlife Sanctuary, Sabah, Malaysia over a 12 month period. A total of 48 
foraging sites out of 87 were returned to.  
 
Figure 3. Comparison between the time spent (hours) at recursion and non-recursion sites 
within the Lower Kinabatangan Wildlife Sanctuary, Sabah. The occurrence of recursion was 
higher to foraging sites where elephants had spent more time at the previous visit. nFS is the 
total number of feeding sites=87, nFSR is the total feeding sites with recursion=48.
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Figure 4. Variables influencing time Bornean elephants within the Lower Kinabatangan 
Wildlife Sanctuary, Sabah spent at second visit to a site (i.e. 1st recursion) a) days between 
visits b) time spent at sites at first visit and c) habitat. nFRS is the number of foraging sites 
that received recursion and nTFS refers to the total number of foraging sites within each 
habitat type. 
86 
 
 
 
Figure 5. Plant types selected for feeding by Bornean elephants within LKWS at recursion 
and non-recursion sites.  
 
Discussion 
Recursion by elephants in the LKWS was common. It most commonly occurred during two 
time periods: within 48 hours of the previous visit and between 151-250 days after the last 
visit, suggesting there are two different reasons for recursion. 
We also found that the occurrence of recursion to foraging sites was influenced by the 
amount of time elephants had spent at a site previously, with recursions occurring more often 
to sites where they had spent more time in the past. A positive relationship was found 
between the number of days between the first visit and recursion, the number of hours spent 
at a site at the first visit, and the amount of time spent at a site at recursion. The habitat type 
of the site also influenced how much time was spent at a site during recursion. Additionally, 
elephants fed more on grasses and bamboos at recursion sites compared to sites they did not 
return to. Grasses and bamboos are most commonly found in the open grass areas along 
forest margins (English et al., 2014c) where elephants spent more time at recursion. 
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A relationship between the amount of time allocated to a particular area per visit and 
the resource quality of the area has previously been identified in large herbivore foraging 
behaviour (Bailey et al., 1996). Our results suggest that, as more time was spent at recursion 
sites compared to non-recursion sites, then these sites, and sites with similar characteristics as 
recursion sites, are favourable to elephants and therefore should be considered high quality. 
 
Short -term recursions 
Recursions to a foraging site within 48 hours of the previous visit were expected to be a site-
sampling strategy where short duration visits were followed by longer duration visits, with 
the elephants returning to feed more extensively once the site quality was known relative to 
other sites in the area. We found the opposite, however. Elephants spent more time at sites at 
the first visit compared to the second visit (recursion) when they returned within 48 hours. 
This foraging strategy may be a way of reinforcing acceptance of a site over time (Owen-
Smith, 2002). Alternatively, shorter second visits might be due to the elephants checking that 
all food within the site was exploited, resulting in less feeding time due to reduced food 
quality and insufficient regrowth of vegetation. Furthermore, induced responses in plants 
following herbivory such as increased tannin content (Karban & Myers, 1989), could reduce 
the palatability of plants at sites recently visited. 
Long-term recursions 
Recursions after longer periods may be related to plant recovery rates (Bar-David et al., 
2009) where herbivores return to exploit a feeding site once resources have sufficiently 
recovered. The more time elephants spent at sites at the first visit, the more days passed 
before they returned and the more time was spent at the site at recursion. This suggests that 
recursion occurring after 151-250 days is most likely related to resource recovery. To 
minimise energy expenditure and make optimal use of its home-range, a herbivore would 
benefit by monitoring vegetation depletion and renewal rates (McNaughton et al., 1997). This 
strategy would reduce the occurrence of returning to areas that had recently been exploited 
and facilitate the return after resource renewal. 
Elephants may shift among sites in the same general region or move between a set of 
foraging areas. Recursions that occur after a longer time-period may occur after all sections 
have been exploited and enough time has passed for vegetation to regenerate in the areas 
previously visited (Bailey et al., 1996). This differs from recursions that occur within 48 
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hours where insufficient time has passed for resource regeneration. Long-term recursions to 
previously foraged areas, therefore, may be a beneficial foraging strategy for herbivores, 
enabling them to consume regrowing vegetation in a stage of high primary productivity and 
palatability (McNaughton, 1985; Gordon & Lindsay, 1990). Moreover, recursions may 
accelerate nutrient cycling in highly foraged sites (Gordon & Lindsay, 1990; McNaughton et 
al, 1997) and maintain them as nutrient hotspots (Winnie et al., 2008). Elephants may also 
select certain plants at a foraging site at specific times of the year. This could explain why 
some sites received less recursions than others, for example where they had selected woody 
plants previously. 
Both long- and short-term foraging strategies may be a form of associative learning, 
although in some species, returning to a resource once it has been replenished is innate 
(Burke & Fulham, 2003). Innate foraging decisions associated with the spatial and temporal 
availability of resources may also occur in elephants. However, for such a highly social and 
long-lived species with large home-ranges, learned behaviour within elephant herds is likely, 
especially considering their highly developed spatial and temporal memory (Hart et al., 
2008). It is therefore probable that elephants remember areas containing their preferred food 
choices and return to them after sufficient time has passed for resources to replenish.  
Implications for elephant habitat management 
The identification and conservation of sites of recursion for elephants should be a priority in 
the design and management of reserves. For the LKWS population, open grass areas along 
forest margins appear to be key recursion sites and so these areas should be a conservation 
priority. Loss of access to recursion sites, or sites with similar characteristics, from either 
anthropogenic or natural disturbance may lead to increased human-elephant conflict due to 
resources being sought elsewhere, such as in oil palm plantations. Additionally, conservation 
practitioners and wildlife departments should establish protected corridors linking recursion 
sites to ensure accessibility of these for elephants.  
The temporal pattern of site recursion described in this study is a reflection of 
elephant movement patterns amongst foraging sites. An investigation of movement was 
beyond the scope of the present study but further studies of recursion will benefit from 
investigations of the movement patterns that support recursion over different temporal scales. 
We observed recursion to occur over two time-scales: short- and long-term. Such a recursion 
could be supported by random or stratified random movement patterns, especially given 
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spatial constraints of habitat boundaries, and so potentially modelled using random-walk 
models: e.g., correlated random walks (McCulloch & Cain, 1989). Alternatively and much 
more likely, long-term recursions occur as a result of lengthy, directed moves to clusters of 
foraging sites followed by short-term recursions within the clusters. This type of movement 
would be expected to follow a Hidden Markovian Model (Langrock et al., 2012) (Appendix 
Three). The models that best explain movement pattern while also generating observed 
patterns of recursion remain to be found. 
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Chapter Five 
 
Recursion to browsed plants by the Bornean elephant 
 
 
Authors note: An updated version of Chapter Five was published in the journal PeerJ  in 
August, 2015. 
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Abstract 
Plant recovery rates after herbivory are thought to be a key factor driving recursion by 
herbivores to sites and plants to optimise resource-use. I investigated the relationship between 
plant recovery and recursion by elephants (Elephas maximus borneensis) in the Lower 
Kinabatangan Wildlife Sanctuary, Sabah. The recovery growth of 156 recently eaten food 
plants, from 30 species, was measured along 14 transects over 9 months, or until the plant 
was re-browsed by elephants. The average monthly growth in length was used to calculate 
the time required for each plant and species to recover to its previous length. Recursion 
occurred to 12 of the 30 species, which was 58% of all plant samples previously browsed. 
Moreover, 77% of these re-browsed plants were in the Poaceae family. Recovery times 
varied from 2 to more than 12 months depending on the species. Recursion to all plants in the 
Poaceae coincided with plant recovery whereas recursion to most browsed plants occurred 
before they had recovered to their previous branch or shoot length. The small sample size of 
many browse plants that received recursion and the uneven plant species distribution across 
the transects limited the analyses in this study. Nevertheless a prominent pattern in plant scale 
recursion did emerge. Species and plant recovery time most strongly influenced the time to 
recursion. A relationship between the recursion time and the plant recovery time of the 
elephant’s preferred food, grasses, was evident. Elephants are bulk feeders so it is likely that 
they time their returns to bulk feed on these grass species when quantities have recovered 
sufficiently to meet their intake requirements but this was not true of browsed species. The 
implications for habitat and elephant management are discussed. 
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Introduction 
Wild herbivores repeatedly utilise areas within their home-range. Recursion, the repeated use 
of the same sites within a home-range or fine-scale reuse of resources (e.g. plants by 
herbivores) within a site over time is thought to be an optimal-foraging strategy. Few studies 
have measured wild herbivore recursion. Nevertheless, the few that have investigated 
recursion found it to occur at site and landscape scales (Bar-David et al., 2009; Benhamou & 
Riotte-Lambert, 2012; Riotte-Lambert et al., 2013). Although finer-scale studies of wild large 
herbivore recursion do not exist, it has been suggested that recursion to foraging sites may be 
influenced by plant recovery rates and reuse (Bar-David et al., 2009). Studies of recursion, 
and the growth and recovery of plants after herbivory, may have significance for 
understanding habitat-use and food preference, providing a greater understanding of 
herbivore foraging strategies. Prior to this study, individual plant growth rates and their 
influence on recursion had not been explored systematically on wild herbivores (Chapter 
Two). 
  Recursion to previously browsed or grazed sites and plants may be an optimal 
foraging strategy enabling consumption of re-growing vegetation in stages of highest 
productivity (McNaughton, 1985; Gordon & Lindsay, 1990). Recursion to plants after nectar 
has replenished occurs by insects and birds (Davies & Houston, 1981; Bell, 1990; Williams 
& Thomson, 1998) Williams & Thomson, 1998; Davies & Houston, 1981) and recursions to 
trees for fruit occurs by primates (Garber, 1988; Garber & Jelinik, 2006; Erhart & Overdorff, 
2008; Janmaat et al., 2013; Porter & Garber, 2013). But this remains to be explored in wild 
large herbivores. Herbivore recursion may accelerate nutrient cycling in highly grazed sites 
(Gordon & Lindsay, 1990, McNaughton et al., 1997) and so maintain them as nutrient 
hotspots (Winnie et al., 2008). Thus, recursion may trigger and maintain positive feedback 
between large herbivore movement and feeding, and vegetation regeneration and palatability 
(McNaughton et al., 1997). Plant recovery period may, therefore, be a strong influence on 
recursion frequency (rate) and herbivore movement. 
Studies of recursion have implications for animal population and habitat management. 
Most evaluations of wild animal resource requirements and preferences are based largely on 
the premise that if animals visit or feed on resources (e.g. site, plant or plant species) in lower 
or higher proportion to their availability then this suggests that the resource is avoided or 
preferred, respectively (Johnson, 1980). This framework is most commonly applied in studies 
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that occur over relatively short time-frames to provide an indicative ‘snap-shot’ of resource-
use. However, in natural environments resources are not consistently available in distribution, 
proportion and density through time and animals may reuse some resources but not others. A 
food species, for example, may appear to be a minor or trivial part of the diet at selected sites 
but might be the subject of repeated use such that recursion would illustrate it to be highly 
selected. Alternatively, less common foods may appear to be avoided until investigation of 
recursion reveals reuse. Thus, studies of recursion are necessary to elaborate on spatial 
variation in availability and selection when assessing food and habitat preferences.  
Recursion patterns may also be a useful indicator of population relations with habitat. 
Large herbivores, like elephants, are a particularly interesting species in which to study 
recursion as they are ecosystem engineers, having complex, scale-dependent effects on 
habitat structure and vegetative community (Bond, 1993; Jones et al., 1996). A study of 
recursion at the plant scale can identify if elephants are potentially depleting resources by re-
browsing before plants have recovered, or if they are facilitating growth of preferred or bulk 
food plants. If recursion is too frequent, selected plant species might be over-utilised. Thus, 
increases in rates of recursion that exceed plant recovery rates could indicate that a 
population might exceed habitat capacity or that the herbivore has a major influence on 
vegetation community structure and composition. Alternatively, recovery rates that exceed 
recursion may be evidence of further capacity to support greater herbivore densities. An 
understanding of recursion patterns, therefore, may augment habitat condition evaluation in 
herbivore population management, reserve design, and understanding the landscape’s 
capacity to support elephants.  
Previously I have shown variation in recursion due to site characteristics (Chapter 
Four). I now aimed to test if recovery time contributes to explaining species and site 
recursion patterns by testing the hypothesis that recursion to plants by elephants in tropical 
rainforest is influenced by plant recovery rates. I predicted that elephant recursion would 
coincide with plant recovery.  
 
Method 
 
Study site and focal species 
See general Introduction, pages 26-28. 
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Plant recursion 
 
Fourteen 50 m transects were established where elephants had fed previously. Transects were 
> 300 m apart (See Chapter Six, Figure 1). One transect was established per day. We tracked 
fresh elephant signs including footprints, dung and signs of feeding to establish the transect 
along the group’s feeding path. All plants showing signs of elephant feeding within 2 m 
either side of transect were marked and labelled with the date and a reference number. 
Samples of all plant species were collected for identification at the Sabah Forestry 
Department Herbarium (SAN), Sandakan. The growth and recovery of each plant after 
herbivory was measured each month from April 2011 to December 2011 or until the 
elephants re-browsed the plant’s new growth. The length of the plant stem prior to browsing 
or grazing was determined by measuring the length of stems of the same plant that were not 
eaten, or remnants of the eaten stem, as a surrogate reference of original stem length. If the 
plant died or the new growth was re-browsed by other herbivores, thus preventing 
measurements of regrowth, this was recorded. It was possible to differentiate between 
elephant feed sign and other herbivore feed sign, such as from wild boar (Sus scrofa) and 
Sambar Deer (Rusa unicolor), because of the other sign and spoor left in the area, such as 
dung, footprints, the way in which the plant was eaten and the height of the sign. Recorded 
GPS positions of the two collared elephants from the two main herds in LKWS (See Chapter 
Four, Methods) confirmed when the focal group returned to the site and transect. 
Plant physiognomy varies between species and between plants within a species. 
Regrowth measurements were taken on a selected new shoot closest to the growth node 
nearest the feed sign, or from the plant base, depending on plant physiognomy and how it 
recovered (see Figure 1 for typological examples). Measurements included new shoot growth 
in length and basal diameter, and a count of the number of new shoots produced each month. 
The approximate length and the basal diameter of the original feed sign on each plant were 
compared to the length and basal diameter of the new growth when it was fed on again. If we 
returned to a plant and it had been fed on since the last measurement was taken, the growth 
measurements from the prior month were used for comparison. The same technique was used 
for the two Poaceae species Phragmites karka – a reed, and Dinochloa scabrida – a bamboo, 
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as their structure is a main stem with new growth emerging from nodes along the main stem, 
or from the root system. Short grasses were not included due to difficulty in identifying feed 
sign (i.e. the whole plant is often ingested) and measuring recovery growth related to feeding 
by elephants. 
 
Figure 1. Examples of plants selected by elephants in LKWS showing plant growth forms 
and their recovery. White arrows indicate portions of the plant eaten by elephant and black 
arrows indicate recovery growth. 
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Plant recovery growth and recursion rate 
 
The expected time required for each plant to recover was estimated by averaging the monthly 
growth in length (mm) of the plant, divided by its estimated length at the beginning of study 
which was based on what remained of the stem after elephant feeding and other stems on the 
same plant as a surrogate reference. Based on this monthly growth average, I estimated how 
many months it would take for the plant to return to its previous length. Time until recovery 
and time to recursion were averages of multiple plants for each species.  
 
Multi-model inference and selection 
 
An information theoretic approach was applied to test the hypothesis for recursion time and 
plant recovery time. I predicted recursion would occur after plants had recovered to their pre-
herbivory height. I evaluated the power of plant recovery to explain recursion in the absence 
of other a priori hypotheses by comparing a model of my hypothesis with models that 
included random effects for site (transect) and species. I described and evaluated models in 
the ‘lme4’ package in R (Bates et al. 2014). All plants browsed by elephants, including those 
plants that did not receive recursion but were located on transects that received recursion, 
were included in the analyses. I used maximum likelihood (MLE) to provide estimates of the 
model’s parameters because fixed effects were different between models. 
 
Results 
I recorded a total of 182 plants from 30 species eaten by elephants over 14 transects. Eighty-
six of these plants from 12 species were re-browsed, i.e. recursion to individual plants (Figure 
2a). Twenty-six plants died and did not recover after being partially eaten by elephants and 
were, therefore, not included in further analyses (Figure 2b). Two transects were not returned 
to (5 plants each transect), resulting in 146 plants used for recursion analyses.  
The time to recursion for each species varied across the nine months of sampling 
(Figures 3 & 4). Four species including Costus speciousus, Dinochloa scabrida, Phragmites 
karka and Spatholobus sp., had recovered to their previous size when they were re-browsed, 
whereas the remaining eight species were re-browsed before they had fully recovered (Figure 
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4). Seventy-seven percent of re-browsed plants were in the Poaceae family. A linear fixed-
effects model found that the plant recovery time strongly influenced the time to recursion 
beyond influences that could be attributed to species differences and especially differences 
amongst sites (Table 2). 
 
Figure 2. A) The percentage of plants along transects re-browsed by elephants. Nu number 
of plants of each plant group eaten by elephants at the first visit. Nr number of plants of each 
plant group that were re-browsed B) Plant mortality within plant groups. De number of plants 
that died. 
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Two species of Poaceae, Phragmites karka – a reed, and Dinochloa scabrida – a bamboo, 
received recursion at a time when their length was not significantly different from when they 
had first been selected (Reed t-test, df= 50, P=.137, Bamboo t-test, df=17, P=.232) (Figure 
3). However all other species that were selected were re-browsed before they had recovered 
to their previous length except one ginger species, Costus speciousus, and one liana species, 
Spatholobus sp. (Figure 4 A) i) and D) i)).  
Figure 3. Recursion to grasses showing the average length of the grass stem when initially 
fed on (shaded bar) and the average total length of new shoots per month until recursion 
occurred, for two grass species A) Phragmites karka and B) Dinochloa scabrida. Standard 
error bars represent ± 1 standard deviation of the sample distribution. Recovery has occurred 
when the black bar is the same length as the white bar. 
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Figure 4. Recursion to gingers, woody species, palms and lianas. The average length of the 
stem when initially eaten (white bar) and average monthly total new shoot length of each 
species until re-browsing A) i) Costus speciousus and ii) Donax canniformis. B) i) 
Memecylon panniculum ii) Garcinia parvifolia iii) Claoxylon sp. and iv) Lepisanthes sp. C) i) 
Calamus caesius and ii) Arenga sp. D) i) Spatholobus sp. and ii) Fordia sp. Recovery has 
occurred when the black bar is the same length as the white bar. 
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Growth form 
 
Family 
 
Genus/species 
 
Plant eaten 
 
Plant recursion 
 
Average recovery time range 
(months) 
Time to  re-browsing 
 (months) 
G
rass 
Poaceae 
Phragmites karka 
50 
50 
4-5 
5 
G
rass 
Poaceae 
Dinochloa scabrida 
17 
17 
2-3 
3 
G
inger 
C
ostaceae 
Costus speciousus 
7 
3 
2-3 
5 
G
inger 
M
aranthaceae 
Donax canniformis 
19 
4 
8-9 
7 
G
inger 
Zingiberaceae 
Alpinia ligulata 
8 
0 
8-11 
 
Palm
 
A
recaceae 
Calamus caesius 
3 
1 
8-9 
4 
Palm
 
A
recaceae 
Arenga sp. 
4 
1 
7-9 
4 
Palm
 
A
recaceae 
Daemonorops sp. 
3 
0 
11-14 
 
Palm
 
A
recaceae 
Licuala sp. 
3 
0 
10-15 
 
Liana 
Legum
inosae 
Spatholobus sp. 
3 
1 
3-4 
4 
Liana 
Legum
inosae 
Fordia sp. 
3 
2 
8-12 
2 
W
oody 
G
uttiferae 
Garcinia parvifolia 
5 
1 
12-20 
3 
W
oody 
Euphorbiaceae 
Claoxylon sp. 
2 
2 
9-16 
5 
W
oody 
D
illeniaceae 
Dillenia sp. 
3 
0 
10-15 
 
W
oody 
C
ornaceae 
Alangium sp. 
2 
0 
2-4 
 
W
oody 
Sapindaceae 
Lepisanthes sp. 
4 
3 
12-14 
2 
W
oody 
M
elastom
ataceae 
M
emecylon panniculum 
2 
1 
5-6 
2 
W
oody 
M
yrtaceae 
Szygium sp. 
2 
0 
12-14 
 
W
oody 
R
ubiaceae 
Gardenia elata 
2 
0 
10-12 
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 W
oody 
H
ypericaceae 
Cratoxylum sp. 
1 
0 
11 
 
W
oody 
Phyllanthaceae 
Bridelia sp. 
1 
0 
12 
 
W
oody 
Euphorbiaceae 
M
allotus sp. 
1 
0 
14 
 
W
oody 
R
utaceae 
Clausena excavata 
1 
0 
2 
 
W
oody 
Euphorbiaceae 
M
acaranga sp. 
2 
0 
6-8 
 
W
oody 
Euphorbiaceae 
Paracroton sp. 
2 
0 
12-15 
 
W
oody 
M
eliaceae 
Dysoxylum sp. 
1 
0 
3 
 
W
oody 
Lam
iaceae 
Callicarpa sp. 
2 
0 
5-7 
 
W
oody 
Leeaceae 
Indica sp. 
1 
0 
12 
 
W
oody 
Phyllanthaceae 
Antidesma thwaites 
1 
0 
16 
 
W
oody 
A
pocynaceae 
Rauvolfia sp. 
1 
0 
14 
 
  Table 2. Four m
odels ranked in order of A
IC
 w
eights w
here recovery tim
e is the fixed-effect and plant species and site are random
-effects, the 
response variable is tim
e (m
onths) to recursion. 
 M
odel 
Fixed effects 
Random effects 
n 
K 
AICc 
∆ AIC 
ω 
1 
R
ecovery tim
e 
SpeciesID
 
146 
3 
488.6 
0.00 
0.6900 
2 
R
ecovery tim
e 
SpeciesID
 &
 SiteID
 
146 
4 
490.6 
2.00 
0.2500 
3 
- 
(base m
odel) 
SpeciesID
 &
 SiteID
 
146 
3 
493.6 
5.00 
0.0500 
4 
R
ecovery tim
e 
SiteID
 
146 
3 
578.9 
90.30 
0.0000 
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Discussion 
Plant recovery time after herbivory as an explanation of site or plant recursion has not 
previously been explored in an uncontrolled environment with wild animals. However, it has 
been suggested that plant recovery influences the timing of returns to feeding sites (Bar-
David et al., 2009). My results indicate that plant recovery time amongst a diversity of plants 
with varying physiognomy and recovery rates corresponds to recursion time to individual 
plants within the Poaceae. Recovery time, therefore, does appear to influence recursion but so 
do the characteristics of plant species. Recursion is also influenced at the site level (Chapter 
4) but is not necessary to explain individual plant recursion time. We found that recursion 
rates were greatest for the species Dinochloa scabrida and Phragmites karka, in all cases 
these were returned to after they had recovered. These species have also been identified as 
preferred food plants of the elephants (Chapter Six, English et al., 2014c) and they made up 
43% of all plants selected and 77% of plants receiving recursion. Elephants are bulk feeders 
so it is likely that they time their returns to bulk feed on grasses when stands have recovered 
sufficiently to meet their intake requirements. These grass species were less likely to die and 
fast to recover compared to other plants. Other than grasses, most species did not receive 
recursion, or if they did, it occurred before the plant had recovered.  
Recursion to a few poorly regenerated species, such as woody trees, gingers and 
palms, may be a result of elephants foraging on other plants nearby and indiscriminately re-
browsing on unrecovered plants. If this was the case we would expect browse plants found 
within grass dominant sites to be inadvertently selected when the elephants re-browsed on the 
grass. Half of the browse plant samples found within grass dominant areas were re-browsed 
before recovery. Alternatively, recursion to unrecovered plants may be due to elephants 
specifically targeting younger growth where these plants form a small but important 
component of the diet. Plant productivity and nutritional quality in areas with dense 
herbaceous vegetation has also been found to be highest after around 5-6 months of plant 
regrowth (Plumptre, 1993), which might explain why unrecovered plants were re-browsed 
before recovery. Furthermore, elephants manipulate the structure and composition of their 
plant resources. For example, Jachman and Bell (1985) proposed that African elephants 
selectively fell preferred tree species to stimulate coppicing and increase the availability of 
palatable forage. Elephants may therefore alter structure and floristic composition, especially 
of woody species, in ways that increase rather than reduce carrying capacity, particularly if 
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plant species respond positively to browsing by producing new growth. Furthermore, if 
woody plants do not respond positively to elephant feeding this might lead to the creation of 
open areas. These areas are likely to become dominated by early successional species, thus 
providing the elephants with more of their preferred food such as those from the Poaceae 
family. Therefore, feeding on woody species faster than they can recover may augment grass 
patches and prevent woody invasion. This is a common occurrence with elephants, as 
ecosystem engineers they are known to alter the structure and composition of habitat and 
plant communities (Laws, 1970; Bryant, 1981; Bergström & Danell, 1987; du Toit et al., 
1990; Ben-Shahar, 1993; Prins & Olff, 1998). Elephant impact on woody vegetation has led 
to decreasing numbers of trees and increase of open areas in Africa (Conybeare, 2004; 
O’Connor et al., 2007). The results of my study suggest that elephants may be controlling re-
forestation within open grass areas by re-browsing on plants including woody species, lianas, 
gingers and palms before recovery, however a long-term study on elephants as ecosystem 
engineers within the Lower Kinabatangan is required. 
Another plausible explanation for recursion on poorly regenerated plants is that these 
plants are highly desirable and resources in the area are inadequate (due to spatial 
constraints/population pressures) for the animals to have the option of lower frequency of 
recursion. Elephant feeding on plants before they have recovered might lead to certain 
species being over-exploited. Over-exploitation of preferred plant species may indicate that 
the elephant population is approaching or exceeding habitat carrying capacity. However, with 
the exception of grasses, our results show that only 19 of 89 browse plants were returned to 
for feeding during the 9-month study period. This finding suggests that there is no evidence 
from recursion data that this elephant population has exceeded the area’s carrying capacity.  
Several limitations in data collection were realised in this study due to the lack of 
independence between plant samples within species and amongst sites. This is due to the 
nature of plant distribution within the study site, particularly for Poaceae, which are 
homogenous in distribution amongst few sites. Sites and transects are not balanced replicates 
for each plant species measured, and recursion occurred to most but not all selected sites. 
Further, a lack of equal distribution of all species across all transects due to elephant food 
plant choices and plant species heterogeneity and distribution also influenced the strength of 
the data. Third, despite a satisfactory sample size of browsed plants initially, a lack of re-
browsing to plant samples across a variety of species resulted in reduced sample sizes of 
plants receiving recursion, especially for woody species, and therefore limited statistical 
power.  
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Nevertheless, despite these limitations, I established the likely importance of recovery 
time for recursion of elephant’s bulk food, grass. This was a novel approach for establishing 
the relationship between resource recovery and recursion by elephants in LKWS by 
measuring plant recovery rates in an uncontrolled environment. Future studies investigating 
recursion to plants could be improved by ensuring a relatively even distribution of plant 
samples across all transects, increasing sample sizes of each species, i.e. more transects or 
extending sampling distance (>2 m either side of transect) in order to incorporate a larger 
number of samples within each species for statistical comparison. It would also be beneficial 
to compare inter-annual variation in re-browsing and elephant impact on their resources as 
ecosystem engineers. 
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Chapter Six 
 
Plant selection and avoidance by the Bornean elephant (Elephas 
maximus borneensis) in tropical forest: does plant recovery rate after 
herbivory influence food choices? 
 
 
 
 
 
 
 
Juvenile male feeding on Phragmites karka, a preferred food, 2011. 
 
 
 
 
Authors note: Chapter Six was published in the Journal of Tropical Ecology July 2014 
(Appendix Five). 
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Abstract 
The plant vigour hypothesis proposes that herbivores should favour feeding on more 
vigorously growing plants or plant modules. Similarly, we would expect herbivores to favour 
plants that regrow vigorously after herbivory. Larger animals, like elephants, may also select 
plant species relative to their availability and prefer species with larger growth forms in order 
to meet their intake requirements. The food preferences of the Bornean elephant (Elephas 
maximus borneensis) in the Lower Kinabatangan Wildlife Sanctuary, Sabah, Malaysia, were 
investigated along 12 transects in areas where elephants were recently sighted feeding. One 
hundred and eighty-two plants were eaten and 185 plants were measured for species 
availability along transects. Species vigour was determined by the monthly regrowth in new 
shoot length after elephant feeding and the number of new shoots produced on each plant. 
Measurements were carried out on each plant for 9 months, or until the new shoot was eaten. 
Plant sizes were determined from their basal diameter. The Bornean elephant did not prefer 
more vigorous species or species with larger growth forms. New shoots did not grow longer 
on preferred than avoided species. Additionally, unlike other elephants that live in a forest 
environment, the Bornean elephant preferred species from the Poaceae (specifically 
Phragmites karka and Dinochloa scabrida) over other plant types including gingers, palms, 
lianas and woody trees.  
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Introduction 
The plant vigour hypothesis (PVH) proposes that any plant module, individual, or species 
that grows rapidly and ultimately reaches a large size relative to the mean growth rate and 
ultimate size of the population of modules, individual plants, or plant species, suffer 
enhanced probability of herbivore attack (Price, 1991). Vigorous plants should also grow 
faster after herbivory to compensate for the damage (Coley et al., 1985; Coley & Aide, 
1990). More vigorous plants have higher nutrient concentrations and less vigorous plants 
more chemical defences (Price, 1991) and this may be the basis of herbivore foraging 
decisions. The PVH has been supported in studies on insects (Craighead, 1950; Keen, 1958; 
Baker, 1972; Furniss & Carolin, 1977; Price et al., 1987) and vertebrates (Danell et al., 1985; 
Bergström & Hjeljord, 1987; Makhabu et al., 2006b).  
Herbivore size may influence foraging decisions with respect to plant vigour. Larger 
herbivores, like elephants, are less selective of plant modules. Rather than responding only to 
plant chemical or structural properties, a larger herbivore may also respond to plant size 
(Vivas et al., 1991; Wilson & Kerley, 2003). Makhabu et al. (2006b) explored the influence 
of vigour between plant species, rather than within plant species, and found no relationship 
between the vigour of browse species and feeding preferences of the African elephant 
(Loxodonta africana). They suggested that the elephant selects whole plants rather than just 
the new growth. The influence of plant vigour on food selection by Asian elephant species in 
a rain-forest environment has not yet been investigated.  
Elephant species should be less selective than other herbivores. Lower metabolic 
requirements, larger gut volume and food retention time mean larger herbivores survive on 
lower-quality food (Bell, 1971; Demment & van Soust, 1985; Jarman, 1974; Shrader et al., 
2012). They can trade food quality for quantity by consuming an abundant, low-value 
resource instead of searching for less common, higher-value forage (Demment & van Soest, 
1985; du Toit & Owen-Smith, 1989). For this reason we propose that the PVH is unlikely to 
explain Asian elephant food choices, but that plants with larger growth forms will be 
preferred. 
Plants have been found to respond both positively and negatively to herbivory. A 
plant’s regrowth rate may increase or, if too much plant material has been taken, decrease 
because, for example, plant resources are invested instead in the production of anti-herbivore 
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defences (McNaughton, 1983). We investigated whether plant size or regrowth vigour after 
herbivory influence Bornean elephant (Elephas maximus borneensis) preferences. 
  Herbivore food preferences are reflected by the vegetation chosen in proportion to its 
availability (Johnson, 1980). Selection-availability or avoidance ratios reveal if animals fed 
randomly or selectively. Where browse is plentiful it dominates the diet of some forest 
elephant species (Blake, 2002; Chen et al., 2006; Pradhan et al., 2008; Sukumar & Ramesh, 
1992). But grasses were the major component of the diet of forest elephants throughout the 
year in Cameroon (Tchamba & Seme, 1993) and Olivier (1978) found the mainland 
Malaysian elephant to avoid feeding on woody trees and prefer palms, herbs and grasses. A 
seasonal deterioration in grass quality has been used to explain a preference for browse by the 
Asian elephant (Pradhan et al., 2008; Sukumar, 1990). 
Based on the literature, we hypothesised that Bornean elephant diet would be 
dominated by species such as palms, gingers and woody trees rather than plants in the 
Poaceae, because the habitat types in which Poaceae are found are less common in this 
tropical forest landscape (Chapter Three). We expect the Bornean elephant, therefore, to 
select plants proportional to their availability and especially the larger plants that provide 
abundant biomass. Due to an ability to feed on lower-quality food, because of its body size, 
we do not expect plant vigour to influence the elephant food preferences in the Lower 
Kinabatangan Wildlife Sanctuary. 
 
Methods 
Study site and focal species 
See general Introduction, pages 26-28. 
 
Vegetation sampling 
 
Sampling sites were selected opportunistically throughout the elephant’s home-range. These 
sites represented the elephant range used by the herds in March-June 2011, which is early dry 
season (Figure 1). We searched sections of the sanctuary from the river and tracks for 
elephants and recent elephant signs. Signs included fresh dung, urine, fresh footprints and 
recently browsed plants.  
We established 50 m transects at places where elephants were feeding. The transects 
were > 300 m apart. One transect was established per day. We tracked fresh elephant signs 
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including footprints, dung and signs of feeding to establish the transect along the group 
feeding path. All plants showing signs of elephant feeding within 2 m either side of transects 
were marked and labelled with the date and a reference number. Samples of all plant species 
were collected for identification at the Sabah Forestry Department Herbarium (SAN), 
Sandakan.  
The height and basal diameter of the stem showing the feed signs were measured to 
establish the size and relative age of the plants selected by the elephants. Measures of 
availability were taken at 5-m intervals along the transect, where the species closest to the 
transect was recorded. Transects and marked plants were revisited and regrowth measured 
each month from April 2011 to December 2011. If the plant died or had been re-browsed by 
elephant or other herbivores, thus preventing measurements of regrowth, this was also 
recorded.  
Selected plants had diverse growth forms and responded to herbivore feeding by 
recovering in different ways. Monthly regrowth measurements were taken on a selected new 
shoot closest to the node nearest the feed sign, or from the plant base, depending on how the 
plant recovered. Only recovery visible above the ground and within a 30-cm radius of the 
focal plant was measured. Measurements included new shoot growth in length, basal 
diameter of the new shoot and a count of the number of new shoots produced each month. 
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  Figure 1. The Low
er K
inabatangan W
ildlife Sanctuary, Sabah, M
alaysia. (A
dapted from
 C
louded Leopard Project, Sabah 
w
w
w
.cloudedleopard.org). 
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Data analysis 
 
Plant species preference 
Plant species preference was calculated using the relative availability (RA) of each species 
compared to their relative use (RU) by the Bornean elephant. We focused only on frequently 
encountered species by limiting the preference analysis to those species for which more than 
five individual plants were sampled. Species and sample sizes included in analysis are listed 
in Table 1.  
RA =  
 
Na is the number of available plants of a given species and Ta is the number of available 
plants across all species (185).  
RU =  
Nu is the number of times a species was selected. Tu is the total number of plants selected for 
feeding across all species (182). 
Preference ratio =  
Species with a preference ratio >1 were selected and those <1 were avoided (Petrides, 1975). 
The ratios were then converted to binary numbers where selected = 1 and avoided = 0.  
 
Grass and browse selection 
Chi-square tests between grass, bamboo, palms, Zingiberales (ginger hereafter), lianas and 
woody trees were used to determine if the differences between use and availability were 
significant. Statistical analyses were undertaken using SPSS 18.0. 
 
New shoot volume 
The vigour of each species was determined by taking averages of (1) the average number of 
new shoots, (2) the average values of change in new shoot length, and (3) the average growth 
in basal area of the new shoot for each species between months. These were then used to 
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calculate the average new shoot volume for each species using the formula for a cone (V=
).  
= (shoot basal area  average monthly shoot length)/3  average number of new stems  
 
Where is the basal area, L is the average growth in shoot length per month and S is the 
average number of new stems produced by the plant per month.  
 
 
Plant vigour and size 
The variables for plant vigour included the maximum monthly average for each species of 
growth in length of the new shoot (mm), number of new shoots produced and volume of new 
shoots (mm3). Poaceae were not included in the vigour analyses and species with sample 
sizes of less than five were removed. A Principal Component Analysis (PCA) was used to 
reduce confounding effects of partial correlation between variables of plant regrowth vigour, 
thus reducing the number of covariates in the model to two. The principal component with 
which volume was most strongly associated had an eigenvalue <1 and was therefore removed 
from the regrowth vigour analyses. The length of new growth and number of stems produced 
was analysed using a Generalised Linear Model (GLM) with the preference ratio, a binary 
logistic, as the dependent variable using SPSS 18.0. The regrowth vigour of woody trees was 
first analysed to compare to previous studies, then vigour of gingers, palms and lianas was 
included in analyses because these other plant types being available to elephants in a rain-
forest environment. Plant size, using the basal diameter of the main stem (mm), was also 
analysed using a GLM with the preference ratio as the dependent variable.  
Results 
A total of 182 plants were eaten and 185 available plants were measured. Eighteen species 
were included in the analyses. Plant species were grouped into plant types for used and 
available comprising Poaceae (Phragmites karka, a grass and Dinochloa scabrida, a 
bamboo), gingers, palms, lianas and woody trees (Figure 2).  
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Figure 2. The ratio of plants selected by the Bornean elephant and plant availability in the 
Lower Kinabatangan Wildlife Sanctuary, Sabah. Plant species are in plant groups (grass, 
bamboo, gingers, palms, lianas and woody species). Used ratios of plants are white bars and 
available ratios of plants are black bars. The number of individual plants used (nu) and 
number of individual plants available (na) for each plant group are shown. Grasses are 
Phragmites karka; Bamboo Dinochloa scabrida; gingers include Alpinia ligulata, Costus 
speciosus and Donax canniformis; palms include Licuala sp., Arenga sp. and Daemonorops 
sp.; lianas include Fordia splendidissima and woody includes Memecylon sp., Dillenia 
excelsa, Gardenia elata, Syzygium sp., Bridelia stipularis, Mallotus muticus, Lepisanthes 
fruticosa, Alangium javanicum and Garcinia parvifolia. 
 
The elephant favoured the grass and bamboo more than other plant types (Pearson chi-square, 
N = 18, χ21 = 0 .920, P = 0.012) although these were less common in the landscape (43 
available Poaceae samples) compared to other species (142 available samples). The elephant 
preferred six and avoided ten of the most common species along transects (Figure 3). Palms 
such as Licuala sp., and gingers such as Costus speciosus and Donax canniformis, were 
selected. Woody trees were less common, but Garcinia parvifolia, Lepisanthes sp. and 
Alangium sp. were most abundant and selected. 
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Figure 3. Plant selection and avoidance by the Bornean elephant in the Lower Kinabatangan 
Wildlife Sanctuary, Sabah, related to regrowth vigour for each species. Includes the average 
monthly growth in new shoot length (mm) (a) average monthly number of new shoots (b) and 
plant size using average basal diameter of the main stem (mm) (c). Error bars represent 
standard error of individual samples within a species. Selected species in white and avoided 
species in black. Letters correspond to species names given in Table 1. 
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Table 1. Plant species selected by Bornean elephant and available along transects within the 
Lower Kinabatangan Wildlife Sanctuary, Sabah, Malaysia. Plant species are included in 
analyses for Figures 2 and 3 and were identified by Sabah Forestry Department herbarium 
(SAN), Sandakan, Sabah.  
 
Plant group  
(Figure 2) Family Species 
 
 
Total 
sample size 
 
 
 
Code 
(Figure 3) 
  
Grass Poaceae Phragmites karka (Retz.) Steud. 
91 -  
 
Bamboo 
 
Poaceae 
 
Dinochloa scabrida S. Dransf. 
 
25 
-  
 
Ginger 
 
Zingiberaceae 
 
Alpinia ligulata K. Schum. 
 
49 
 
G 
 
 
Ginger 
 
Costaceae 
 
Costus speciosus J. Koenig 
 
12 
 
A 
 
 
Ginger 
 
Marantaceae 
 
Donax canniformis K. Schum. 
 
76 
 
F 
 
 
Palm 
 
Arecaceae 
 
Licuala sp.  
 
11 
 
B 
 
 
Palm 
 
Arecaceae 
 
Arenga sp. 
 
9 
 
H 
 
 
Palm 
 
Arecaceae 
 
Daemonorops sp.  
 
7 
 
I 
 
Liana Leguminosae 
 
Fordia splendidissima (Blume 
ex Miq.)J.R.M Buijsen 
 
12 
 
J 
 
 
Woody 
 
Melastomataceae 
 
Memecylon sp. 
 
14 
 
K 
 
 
Woody 
 
Dilleniaceae 
 
Dillenia excelsa (Jack) Gilg. 
 
11 
 
L 
 
 
Woody 
 
Rubiaceae 
 
Gardenia elata Ridl. 
 
9 
 
M 
 
 
Woody 
 
Myrtaceae 
 
Syzygium sp. 
 
10 
 
N 
 
 
Woody 
 
Phyllanthaceae 
 
Bridelia stipularis Blume 
 
9 
 
O 
 
Woody Euphorbiaceae 
 
Mallotus muticus (Muell. 
Arg.)Airy Shaw 
 
9 
 
P 
 
Woody Sapindaceae 
 
Lepisanthes fruticosa. 
(Roxb.)Leenh. 
 
10 
 
D 
 
 
Woody 
 
Guttiferae 
 
Garcinia parvifolia (Miq.) 
Miq. 
 
8 
 
C 
 
 
Woody 
 
Alangiaceae 
 
Alangium javanicum 
(Bl.)Wang. 
 
6 
 
E 
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The Bornean elephant did not select woody trees that recovered more vigorously (GLM 
Logistic Regression, Wald Chi-square, df = 5: new shoot length χ21 = 1.17, P = 0.278; number 
of new stems χ21 = 0.479, P = 0.489), nor did it prefer more vigorously regrowing species 
when more plant forms were included in analyses such as gingers, lianas and palms (GLM 
Logistic Regression, Wald Chi-square, df = 12: new shoot length χ21 = 0.598, P = 0.439; 
number of new stems χ21 = 0.231, P = 0.631). Plant size did not influence selection (GLM 
Logistic Regression, Wald Chi-square, df = 13: basal diameter χ21 = 0.117, P = 0.733). 
Favoured species were therefore not larger, their new growth not longer, nor did they produce 
more new stems than avoided plants. 
 
Discussion 
We expected the Bornean elephant to select plants proportional to their availability and prefer 
palms, gingers, lianas and woody trees over grasses, including bamboos. We proposed that 
plant size, rather than plant regrowth vigour, might influence food choices. We did not find 
support for the influence of plant regrowth vigour or plant size on elephant food-plant choices 
but we did determine that the elephant in LKWS preferred to feed on Poaceae (Phragmites 
karka and Dinochloa scabrida) proportionately more than their availability, compared to 
other measured species. 
 
Plant selection 
 
Bornean elephant in the LKWS fed mainly on a subset of available species. Food-plant 
selection was not explained by the relative abundance of plant species. This finding is 
consistent with several other studies on the feeding behaviour of African elephant (Loxodonta 
africana), African forest elephant (Loxodonta cyclotis) and Asian elephant (Elephas 
maximus) (Codron et al., 2010; McKay, 1973; Olivier, 1978; Seydack et al., 2000; Short, 
1981; Sukumar, 1990; Williamson, 1975; Wing & Buss, 1970).  
Most studies of other elephant taxa (Loxodonta cyclotis) (Blake, 2002) and (Elephas 
maximus) (Sukumar, 1990) describe their preference for browse unless grass was the 
dominant vegetation, whereas Tchamba & Seme (1993) and Olivier (1978) found grasses to 
be preferred despite being less abundant. In LKWS, although open grassed areas along forest 
margins (containing early-successional species such as bamboo) and riverine areas 
(containing semi-aquatic grasses such as reed), cover just 14% of the landscape (compared to 
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approximately 60% forested areas and 26% swamp; English, unpubl. data). The Bornean 
elephant preferred feeding on the two Poaceae (Phragmites karka and Dinochloa scabrida) in 
open grassed areas along forest margins, than on other species in the study. Thus, there is 
variation in the literature of the importance of grass species in the diet of the forest elephant 
relative to its abundance.  
Asian elephants are believed to switch their diet preferences from grass to browse 
depending on seasonal changes in plant quality. For example, browse is consumed more in 
the dry season and grass in the early wet season (Sukumar, 1990); although some other 
studies found elephants to prefer grasses despite seasonal influences (Olivier, 1978; Tchamba 
& Seme, 1993). Our study period was in the dry season when more browsing might be 
expected but still the Bornean elephant preferred to feed on the two Poaceae mentioned. 
Seasonal influence is unlikely to be a major factor influencing plant quality in our study site 
because, despite a wet and dry season, rainfall is common throughout the year. Moreover, one 
of the species (Phragmites karka) is semi-aquatic and found near a permanent water source. 
Moreover, these species are also perennial. It is unknown if there were any natural open areas 
within the forest historically in Sabah. Logging is believed to have started at least a century 
ago and the area could have been inhabited for many centuries by nomadic villages and the 
forest cleared for farming purposes. The river itself has been affected by a series of 
disturbances due to flooding and natural processes decimating forest and replacing with open 
areas containing early-successional species such as grasses, including bamboos (R. Nilus 
pers. comm.). However, regardless of their origin, these areas provide the elephants with 
much of their preferred food plants. 
A second scenario that might explain why the Bornean elephant prefers Poaceae in 
the LKWS is that the quality of other plants within the elephant herd’s range may be poor, 
because the remnant habitat is poor or the overall habitat quality may have declined. Higher 
quality habitat may have been replaced by oil palm cultivation (Elaeis guineensis) and this 
may have forced the elephant to use areas that may be less optimal for foraging, or it may be 
exceeding the forest’s capacity to support it. An increase in the LKWS elephant population in 
the last 10 years (<100 - >200 individuals) (Ancrenaz pers. comm.) may have depleted 
preferred browse species and increased its use of Poaceae species to compensate. Bulk 
feeding on species such as reed and bamboo may enable elephants to meet intake 
requirements cannot be met by more abundant species. 
Another scenario involves the influence of river hydrology on soil and plant quality 
through sediment and nutrient deposition by water filtered through the riparian zone. Rain-
120 
 
forest soil quality can range from highly leached, infertile soils to fertile, less-weathered, 
alluvial soils (Ashton, 2004). Grasses, such as the common reed, in a floodplain landscape 
may be preferred due to the soil quality in riverine areas having higher nutrient concentration 
compared to soils further from the river where browse species are found. Moreover, 
vegetation growing on nutrient-deficient soils has been found to contain more chemical 
defences compared to plants found in areas with nutrient-rich soils (Coley et al., 1985; Owen-
Smith & Cooper, 1987). Therefore, some plant species may be relatively high in chemical 
defences and of poorer quality to elephant within our study site. In addition, regular feeding 
increases soil nitrogen cycling and denitrification from herbivore dung deposition and urine, 
leading to elements being returned to the soil in readily available forms (McNaughton et al., 
1988; Ruess, 1986; Risser & Parton, 1982). The result is improved nitrogen availability for 
plants in these areas (Hamilton & Frank, 2001; Holland & Detling, 1990; McNaughton et al., 
1997; Risser & Parton, 1982). Whatever the cause of plant preference by the Bornean 
elephant in LKWS it is clear that the common reed and bamboo are a significant part of its 
diet in a way not previously appreciated. 
 
Plant regrowth vigour and size 
 
The Bornean elephant of the LKWS did not prefer more vigorously regrowing plant species. 
This finding supports predictions based on body size and metabolism where the elephant 
represents an upper extreme in its tolerance of lower-quality food compared to smaller 
herbivores (Bell, 1971; Demment & van Soest, 1985; Jarman, 1974). For a larger animal that 
can accept a lower-quality diet, almost the whole plant is a homogenously acceptable food 
item, whereas for a smaller animal requiring a higher-quality diet a plant is a set of 
heterogeneous parts, from among which the more nutritious components must be selected 
(Bell, 1971; Jarman, 1974). High-quality parts of plants generally form smaller food items 
than do the low-quality parts. Thus, it is fitting that the diet selection of elephant, which must 
select their food for quantity rather than quality, should not be influenced by selection for 
more vigorous plants which are generally of higher nutritional quality (Price, 1991).  
Previous studies have found conflicting results in plant size preferences of elephants. 
The African forest elephant has been reported to prefer woody species with a smaller 
diameter at breast height (dbh) (Blake & Inkamba-Nkulu, 2004; Wing & Buss, 1970). In 
contrast, the Bornean elephant shows a preference for larger dbh in one woody species 
(Macaranga sp.) (Matsubayashi et al., 2006). Compared to small herbivores, an elephant may 
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consume more modules of a plant as it has a larger bite size and use of a prehensile trunk. 
Thus elephant might respond positively to a plant’s size because more edible components are 
available (bark, leaves, new shoots, fruit and roots) (Vivas et al., 1991; Wilson & Kerley, 
2003). We expected the Bornean elephant to prefer larger plants as part of its optimal 
foraging strategy, as they should be less selective and conserve energy rather than seek 
resources elsewhere (Charnov, 1974). However, we found that selection and avoidance was 
not influenced by the size of the plant.  
Our results suggest Bornean elephant foraging behaviour occurs at a larger spatial 
scale than the plant level. Shrader et al. (2012) proposed that because elephant were generally 
forced to feed less selectively to provide sufficient intake, it is possible that they will make 
foraging decisions at the habitat or site level rather than at the individual plant level and this 
may also be the case with the elephants in our study. 
 
Implications for management of habitat and population 
 
Our findings about Bornean elephant food choices have direct implications for the restoration 
and management of elephant habitat in Sabah. Our results suggest that preservation of open 
areas along forest margins where Dinochloa scabrida is common and riverine areas where 
Phragmites karka is common is necessary for elephant conservation. Some forest disturbance 
is not deleterious as increased sunlight in ecotone and open areas encourages growth of early-
successional species such as those preferred by the Bornean elephant. Currently open areas 
along forest margins are actively planted with tree species as this is considered the foundation 
state for restoration. We recommend, however, that wildlife and habitat rehabilitation 
managers set aside some open areas for Poaceae throughout the LKWS. Replanting of trees 
along the river bank is important for minimising erosion and providing opportunities for food 
or movement to a number of species, such as primates. It is also visually appealing for 
ecotourism in the area. The importance of bamboos and reeds, and perhaps other species 
within Poaceae, for the Borean elephant, however, should be incorporated into management 
and restoration planning. 
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Synopsis 
I chose to investigate recursion ecology in the elephant because of the potential to test 
hypotheses for food-plant preferences, foraging strategies, and recursion for an animal in 
which it has not yet been studied and which represents the uppermost extreme in a herbivore-
resource relationship. 
Elephas maximus borneensis exist in an environment where available habitat 
continues to diminish due to agricultural development and expansion. Consequently these 
elephants are under increasing pressure and human-elephant conflict is rising (Othman et al., 
2013). Their need for a large quantity of food but restriction to a fragmented habitat of forest 
patches surrounded by encroaching agriculture, requires an understanding of their resource 
needs, essential for designing an effective management strategy to promote habitat 
maintenance and to ensure the survival of the species in the wild.  
My research has contributed to the available literature not only of this rare sub-species 
but of large herbivore-resource relationship studies in general using techniques that can be 
applied across a variety of species and habitat types. Studies of the temporal variation of large 
herbivore-resource relationships on wild animals are few in number and limited in scope. I 
evaluated elephant habitat preferences and recursion to foraging sites and determined that the 
foraging strategy of the elephants reflected the quality of the site, the extent of previous use, 
and the time since its last use. This approach introduced a novel technique to identify critical 
resources for the elephant population by highlighting the importance of open grass areas 
along forest margins which also contain the elephant’s preferred foods, grasses and bamboos. 
Recursion occurred over two main time-scales, short-term (within 48 hours) and long-term 
(after 151-250 days), indicating two foraging strategies (English et al., 2014b). I identified 
that elephants re-browse on grasses only after they have recovered and that recursion to areas 
containing this food is most strongly explained by recovery rates. My study identified how 
elephant food-plant preferences differ in LKWS from what was expected of a forest 
elephants, as well as tested established hypotheses of herbivore food-plant preferences 
associated with plant vigour and size (English et al., 2014c). Elephants in LKWS preferred 
grass to browse despite the former being less abundant across the landscape, and selection of 
browse was not influenced by plant size or vigour.  
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Review and synthesis of recursion knowledge 
 
Recursion by herbivores has not been extensively studied even though it has important 
implications for ecology and for population and habitat management. Nevertheless, studies of 
recursion might be informed by better studied topics that use different terminology like site 
reuse, or topics which have important similarities such as spatial memory and foraging and 
foraging site-fidelity. A lack of literature that has covered these topics in large herbivores was 
evident when compared to the relatively abundant literature for other vertebrates such as 
birds, small mammals, primates and fish. Studies of resource-use over varying temporal 
scales, that would be capable of testing for recursion and its implications, were few in wild 
animals and uncontrolled environments.  
Existing studies of site recursion have investigated its frequency, duration and 
occurrence over varying time-scales, but few have incorporated foraging theory and 
investigated the reuse of individual plants. In order to understand what influences recursion 
frequency, the time spent at a site, and over what time-scales recursion occurs, site 
characteristics and resource recovery rates should be incorporated into a study of recursion to 
provide a detailed understanding of the influences on an animal’s foraging strategy over 
varying spatial and temporal scales. My review and synthesis of the literature therefore 
guided the design of the empirical chapters. 
 
Recursion at two scales: site and plant  
 
Compared to small herbivores, large herbivores require a higher quantity, rather than quality, 
of resources in order to meet their intake requirements. We expected recursion, therefore, to 
be less common in elephants than smaller mammals due to the latter benefiting from 
acquiring food in its highest productivity stage, such as from new growth. However elephants 
might recall the spatio-temporal distribution of quality areas better than a smaller herbivore 
such that an elaborate recursion foraging strategy is possible.  
 Repeated use is not only associated with facilitation of quality resource production, 
such as in the development of grazing or browsing lawns where positive feedback occurs 
between grazing/browsing and plant palatability (McNaughton, 1984,1985; Archibald, 2008; 
Cromsigt & Olff, 2008; Mouissie et al., 2008), but is also a result of spatial predictability and 
an animal’s ability to relocate profitable areas. If elephants do, therefore, demonstrate 
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recursion in order to maximise feed intake and minimise energy expenditure then they should 
return to sites only after resources have replenished, or if they return sooner, use resources 
within a site sparingly at each visit. If elephants are not foraging optimally, such as when 
recursions occur to areas where resources have previously been exhausted and before 
resource recovery, then this indicates resources are inadequate or are at risk of being over-
utilised. This could be a sign that the elephants are exceeding the carrying capacity of their 
environment or modifying vegetation structure and composition. If elephants do forage 
optimally then recursion was expected to occur as a function of the quality of the site, extent 
of its last use, and time since its last use as these factors influence site resource status and 
resource recovery. If more time was spent at recursion sites compared to sites that were not 
returned to then recursion sites should be considered high quality for elephants.  
Recursion to foraging sites did occur by elephants in the LKWS and was common at 
two main temporal scales. This indicated that there were two different foraging strategies 
associated with recursion: one with site sampling and the other with plant recovery time. The 
number of days between the first visit and recursion increased and decreased in proportion to 
how long the site was utilised previously. The more time spent at the site initially, the more 
days passed until the elephants returned. If less time was spent at the site then fewer days 
passed until recursion. These results suggest a degree of spatial and temporal awareness and 
that the elephants manage their resources by returning after a longer period if the site was 
more heavily utilised, or returning after less time if the site was used sparingly.  
Elephants have been found to have a high degree of spatio-temporal awareness (Hart 
et al., 2008) and my observation that the timing of returns to sites depended on the degree of 
last use indicates that the Bornean elephants are applying an elaborate spatio-temporal map of 
foraging sites. Moreover, the time spent at a site during a recursion event matched the time 
spent there earlier. A relationship between the amount of time herbivores allocate to specific 
areas and the resource quality of the area had been identified previously (Bailey et al., 1996). 
The elephants in LKWS spent more time within sites to which they later returned than within 
sites they did not revisit. This suggests that recursion sites are favourable to the elephants and 
of a high importance to their resource needs. The habitat type of a foraging site also 
influenced how much time was spent there during recursion, with the elephants spending 
more time within open grass areas along forest margins compared to other habitat types. This 
was also their preferred habitat type determined from the use:availability analysis. This 
habitat type also contained their preferred foods such as the grass species identified in 
Chapter Six, Dinochloa scabrida and Phragmites karka as well as other species in the 
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Poaceae. This result reiterates the importance of open grass habitat that contains preferred 
food plants and further supports the likelihood that a study of recursion can identify critical 
habitat.  
A previous study had suggested that plant recovery rates influence recursion (Bar-
David et al., 2009), although it had not yet been explored systematically in wild animals. 
Where longer-term recursions occurred after 151-250 days, these returns were likely to 
coincide with plant recovery. To measure plant recovery until recursion was the next step in 
an attempt to understand foraging strategies and determine whether or not elephants forage 
optimally or over-utilise their resources by re-browsing before plants have recovered 
(Chapter Five).  
Plant recovery time and plant species had a strong influence on the timing of 
recursions to individual plants. Recursion rates were greatest to their preferred species, 
confirming the importance of Poaceae, in particular Dinochloa scabrida and Phragmites 
karka, in the elephant diet. In all cases, Poaceae plants were returned to and were re-browsed 
only after they had recovered. Other browse species such as woody plants, palms and gingers 
were either not re-browsed or, for the small number of samples from those plant types, were 
re-browsed before they had recovered to their previous size. Again, this result confirms the 
importance of the grasses in the elephant diet in LKWS; it is their preferred diet and provides 
the bulk of their intake. The results also suggest that elephants do not over-utilise their 
preferred resource that also forms the bulk of their diet and that their returns coincide with 
resource (plant) recovery from feeding. Furthermore, the recovery time of three of the 
elephant’s preferred plants (one grass species and two ginger species, Chapter Six, Table 1) 
occurred between 151-250 days. Two palm species, two liana species and three woody 
species eaten by elephants also had a recovery time of between 150-250 days (Chapter Five, 
Table 1 and Chapter Six, Table 1) thus supporting the suggestion that resource recovery 
influences long-term recursion because recovery times and recursion timing correspond.  
When my results are related back to the discussion of potential foraging strategies in 
the recursion synthesis in Chapter 2 (GUD and IFD), it appears that (a) short-term recursion 
indicates a strategy that resembles foraging with imperfect knowledge and perhaps reflects 
information gathering, while (b) long-term recursion to preferred, bulk-feeding plants 
(grasses) resembles a strategy of foraging with perfect knowledge and indicates optimal 
foraging. Elephants also spent greater time at recursion sites compared to non-recursion sites, 
which suggests that site quality influences foraging decisions and therefore elephant foraging 
follows the Ideal Free Distribution in time as well as space (Charnov, 1976). My results also 
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indicate that the current elephant population is within capacity of the plant resources to 
support it. 
  
 
Advancing our understanding of animal food-plant relationships 
 
More vigorously growing plants are often of higher nutrient quality and are therefore 
preferred by many herbivore species (Craighead, 1950; Keen, 1958; Baker, 1972; Furniss & 
Carolin, 1977; Danell et al., 1985; Price et al., 1987; Bergström & Hjeljord, 1987; Price, 
1991). Slower growing species often invest more time in producing physical and chemical 
herbivore deterrents (Price, 1991). However, because elephants require large quantities of 
food rather than food of high quality, I hypothesised that plant size (Vivas et al., 1991; 
Wilson & Kerley, 2003) rather than plant vigour would govern the food plant preferences of 
browse species. I found that neither size nor vigour influenced elephant browse preferences 
of woody species, lianas, gingers and palms. 
Elephants are believed to be generalist herbivores that tend to select species 
proportional to their availability. My results, however, indicate that the Bornean elephant is 
selective of plant species, even if plant vigour and size did not influence preference. Where 
grasses are uncommon browse species dominate the diet of many forest elephant taxa (Blake 
2002, Chen et al. 2006, Pradhan et al. 2008, Sukumar & Ramesh, 1992). In LKWS, however, 
elephants preferred to feed on grass species despite these being less abundant across the 
landscape compared to other species they selected for feeding. This result is consistent with 
findings about African elephant plant preferences in Cameroon (Tchamba & Seme, 1993) and 
Asian elephant preferences in peninsular Malaysia (Olivier, 1978). This highlights the 
importance of bulk feeding on grasses and reiterating the importance of protecting habitat 
containing these plant types, and ensuring they are accessible to the elephants.  
Elephant preference of open grass areas along forest margins (Chapter Three) 
recursion and increased time spent at sites within this habitat type (Chapter Four), and 
recursion occurring to grasses, their preferred food, only after they have recovered (Chapters 
Five and Six), emphasises the importance of grass in the elephant diet and the influence of 
plant recovery after herbivory on recursion timing and intensity. Recursion behaviour also 
suggests that elephants are facilitating and engineering grass growth within scattered sites in 
LKWS despite these areas being less abundant than sites containing browse food-plants.  
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In summary, my study advances knowledge of the behaviour and ecology of the rare Bornean 
sub-species of elephant and contributes to our understanding how herbivore recursion may be 
a foraging strategy for optimising resource-use.  Bornean elephant, and other large 
herbivores, may benefit by returning to known high-quality sites, such as those that contain 
preferred resources like grass and bamboo, and after sufficient time has passed since their last 
utilization to allow for those resources to recover.  This enables the consumption of larger 
quantities of bulk-food plants.  On the other hand, not being able to relocate profitable sites or 
returning to non-profitable sites, such as those that contain poorer quality or quantity of 
resources, would be costly to a herbivore.  I tested whether elephant in LKWS were foraging 
optimally by exploring whether site quality influences recursion and if plant recovery 
influenced recursion time.   I expected more time spent at these sites per visit, that time 
between visits would correspond with time spent at the site previously, and that these sites 
would contain preferred resources. I also expected the time to recursion to correspond with 
individual plant recovery.  These expectations were met in Bornean elephant amongst sites 
and preferred food plants.  Foraging recursion could be profitably applied to other herbivore 
species at various spatial scales and in different environments to advance our understanding 
of optimal foraging. 
 
Conservation implications  
 
To ensure ongoing management of large herbivore populations their species-specific resource 
needs must be understood. Studies of recursion are able to identify resource-use over short 
and long term temporal scales. Such studies can provide more insight into habitat use and 
resource requirements, and can tell us whether a species is over-utilising its resources. In 
addition, the findings can be used to foster species conservation by identifying profitable sites 
and plants.  
I identified the importance of the few scattered open grass areas which provide the 
elephants with their preferred food. They are also the areas that received most recursions. 
Access to these areas must be ensured for the elephant population in LKWS. I recommend to 
planners involved in elephant conservation that forest rehabilitation projects incorporate the 
elephant’s preferred food plants and habitat as part of a landscape management strategy. If 
access to these areas is inhibited or prevented by either natural or anthropogenic influences, 
elephants may seek resources from alternative and potentially more risky areas (Estes et al., 
2012). For example, an increase in foraging within agricultural areas and the ecotone habitat 
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bordering these areas might be expected, thus increasing the likelihood and intensity of 
human-elephant conflict and subsequently jeopardising the longevity of this species in the 
wild.  If the elephant population continues to grow or habitat availability continues to decline 
I would expect an increase in the rate of recursions to sites containing the elephants preferred 
food plants before these plants have sufficiently recovered. Moreover I would also expect an 
increase in the use of poorer quality sites such as those sites containing avoided food plants, 
or sites with higher levels of human disturbance.  If interspecific competition increases as a 
result of a growing elephant population, resources may become limited and I would therefore 
expect herd sizes to decrease, which would be expected to lead to more frequent recursions 
by smaller groups. 
A study of recursion ecology not only improves our understanding of animal habitat 
use and food-plant relationships over varying time scales, but can be used to inform species 
conservation by giving a broader perspective of animal resource needs. The wider 
implications of understanding recursion can lead to identifying what influences the formation 
of home-ranges and migration routes, informed by the distribution and location of critical 
resources identified in recursion studies. Wildlife practitioners and managers may then 
incorporate this information into the design of reserves and the location or placement of 
corridors linking these profitable areas, recursion resources and sites. Furthermore, patterns 
of herbivore recursion will contribute to understanding animal food-plant relationships and 
the influence of recursive behaviour on plant-community dynamics. 
My thesis has achieved new knowledge on the Bornean elephant, tested long-standing 
hypotheses for food-plant preferences, and investigated a rarely considered topic for wild 
animals in natural settings – recursion. Recursion proved to be an important characteristic of 
elephant range use with direct relevance to understanding elephant ecology and the steps 
necessary to ensure elephant population and habitat are managed in order to meet their 
resource needs. 
 
The future in recursion studies 
 
Future studies of recursion could build on my study by measuring this behaviour over a much 
longer period, we could address the following knowledge gaps: Do species exhibit longer, 
inter-annual cycles/patterns of recursion behaviour? How does seasonal and climate 
variability influence long-term recursion behaviour and resource-use? Additionally, we could 
ask whether body size and metabolic requirements influence recursion by conducting a 
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comparative study between large and small herbivores. While I was not surprised to find 
recursion by the Bornean elephant, the recursive behaviour of such a large, bulk feeding 
animal indicates that recursion is likely to be ubiquitous amongst mammalian herbivores, 
particularly selective feeders requiring higher quality food. Exploring recursion in both 
resource-rich and resource-poor areas would also allow further assessment of how recursion 
frequency and residency times vary according to habitat quality. For example, in poorer 
quality habitat does recursion occur very frequently, before plant recovery, and do short visits 
indicate inadequate resource availability?  
The two temporal scales of short-term and long-term recursion identified in Chapter 
Four reflect elephant movement patterns among foraging sites. An investigation of movement 
was beyond the scope of the present study but further studies of recursion would benefit from 
investigations of the movement patterns across the landscape and recursion over different 
temporal scales. In order to thoroughly understand what governs the temporal scale of 
recursion, the next step would be to conduct analyses of spatial movement patterns 
throughout the animal home-range in conjunction with assessment of recursion to foraging 
sites. This topic was briefly addressed in Chapter Four (see also Appendix Three). The 
recursion patterns exhibited by the elephants could be tested by random or stratified random 
movement analysis using random-walk models, such as correlated random walks (McCulloch 
& Cain, 1989). Alternatively long-term recursions are likely to occur as a result of lengthy, 
directed moves to clusters of foraging sites followed by short-term recursions within the 
clusters. In order to determine if this is true for elephants in LKWS, all foraging sites should 
be sampled in sequence rather than opportunistically throughout the elephant herd’s range as 
they were for the present study. This approach would allow for analyses of movement 
between recursion sites and explain how movement patterns relate to long- and short-term 
recursions.  
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APPENDIX ONE 
Distance across elephant herd when foraging 
 
Introduction 
In order to determine the size of a foraging site and within what radius of the measurement 
point recursion was quantified for Chapter Four, the distance across the elephant herd while 
foraging was measured. A similar technique was used in a previous study of recursion by 
Bar-David et al., (2006) who established the area of a recursion site based on the spread of 
the Buffalo herd whilst feeding. 
 
Method 
Two adult female elephants from the two main herds in the LKWS population, each 
consisting of approximately 20-30 individuals, were randomly selected to attach a collar with 
a GPS transmitter in 2011. Positions were recorded at hourly intervals for 12-months from 
April 2011 to May 2012. We identified and visited sites used by elephants throughout their 
range in April and May 2011, the early to mid-dry season. To identify sites used by the 
elephant herds, the latest GPS position of each group was downloaded (www.awt.co.za) then 
the elephant herd tracked  by following footprints, dung, feed sign and vocalisations until the 
herd was located.  
Once an elephant group was sighted we positioned ourselves at a distance so as not to 
disturb them. The activity of the majority of elephants at the site at the time of observation 
was recorded as either foraging, resting or moving. Moving sites were those where the focal 
female and her herd were seen walking without stopping to feed. Resting sites were areas 
where the majority of elephants in the group were seen standing motionless, apart from ear 
and tail movement, or lying down and not feeding. Foraging sites were areas where the 
majority of the herd were seen collecting and ingesting food at the time of observation. The 
distance across the herd whilst foraging was measured on 86 occasions using a combination 
of direct observations, vocalisations of the herd and, after the herd had moved away, retracing 
the area used by the herd based on footprints and dung. This distance across the herd was 
then used to determine the approximate size of a foraging site. 
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Results & Discussion 
The average spread of the elephant herds whilst foraging was 103.14 ± 33.2 m (Figure 1). A 
foraging site was therefore determined as a 100 m radius surrounding the position where site 
measurements took place, which was at the centre of where the elephant herd were observed 
foraging (see Chapter Four). 
 
Average distance across elephant herd at measurement sites 
 
 
Figure 1. The approximate spread of the elephant herd was estimated from 86 measurement 
sites. Measurements were later grouped into 3 categories (0-50 m, 50-100 m, 100-150 m). 
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APPENDIX TWO 
Comparison of data between two focal female elephants 
 
Introduction 
Prior to analysing data for Chapter Four, a comparison between datasets for the two focal 
females was undertaken. In order to determine if recursion data needed to be analysed 
separately for the two herds, or pooled into one dataset, a comparison between the frequency 
of recursion events, the density of points at each site and the influence of site characteristics 
on recursion was compared between the two females. 
 
Method 
Data from the two collared female elephants was compared for significant difference between 
individuals (see Appendix One). A Generalised Linear Model was used where elephant 1 or 2 
was the dependent variable and the independent variables were the number of foraging sites, 
number of recursion sites, density of points within sites, density of points within different 
habitat types, average distance of sites to water, average distance of sites to human habitation, 
average shade percentage of sites and average understorey cover percentage at sites (See 
Chapter Four Methods). 
 
Results & Discussion 
No significant difference was found between the two focal females for the occurrence of 
recursion (x2=0.014, P= 0.905), hours at site (x2= 0.768, P= 0.381), habitat type (x2= 0.039, 
P= 0.844), distance to water (x2= 0.410, P= 0.522), distance to human disturbance (x2 = 
0.125, P= 0.724), understorey % (x2= 0.048, P= 0.827). A significant difference was found in 
shade % (x2= 4.069, P= 0.044, Figure 1).  
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APPENDIX THREE 
Preliminary analyses of elephant movement in LKWS using a Hidden 
Markovian Model 
 
Introduction 
Movement ecology proposes that animals should switch between movement modes as a 
complex function of internal state, landscape characteristics, motion capacity and 
navigational capacity (Nathan et al., 2008). Whether animals are directing their movement 
toward distant goals or following a correlated random walk (CRW) with no distinct goals, 
analysis of these movement paths can reveal changes in the rate of travel that correspond to 
changes in foraging behaviour (Johnson et al., 2002; Fauchald & Tveraa, 2003; Brooks & 
Harris, 2008). For example, if food is readily available, a random walk (RW) without 
complex search mechanisms is expected (Focardi & Tinelli, 1996). This pattern might also be 
expressed as a CRW (Kareiva &Shigesada, 1983; Bovet & Benhamou, 1988), where 
movement is governed at a small spatial scale, with animals altering their movement paths 
according to local environmental stimuli. 
Over short temporal scales the movement of an animal can be described by using 
mathematical models such as RW’s and CRW’s (Okubo, 1980; Turchin, 1998; Okubo & 
Levin, 2001). However, over longer temporal scales models such as these do not often 
describe changes in patterns of movement associated with different behavioural states of the 
individual (Firle et al., 1998; Morales & Ellner, 2002). According to Morales et al. (2004) 
one way to accommodate multiple behaviours is to develop different movement models for a 
number of states of movement (Grünbaum, 2000; Skalski & Gilliam, 2003). An analysis, 
using Hidden Markovian Models (HMM) can identify multiple underlying behavioural states. 
RW’s and CRW’s are very simple special cases of HMM’s. A HMM resembles a multi-state 
random walk. There are multiple behavioural states, and in each of these states the animal 
performs a particular type of random walk. For example, when in an intensive search state 
such as after encountering a habitat patch with abundant food, step lengths will be short, turns 
will be frequent and turning angles large. In contrast, extensive search states will be 
characterized by longer step lengths and small and infrequent turning angles (Zollner & 
Lima, 1999; Langrock et al., 2012).  
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Method 
Observed movement data 
From May 2011- May 2012 a local network (Celcom) recorded the hourly positions of a 
female elephant using a GSM satellite collar (downloaded from www.awt.co.za). Data 
supplied included the date, time, hourly GPS position, altitude, speed and movement 
direction.  
The movement pathmetrics tool in the Geospatial Modelling Environment for ArcGIS 
(version 10) was used to calculate the step length l (hourly distance in metres), and turning 
angle α (the absolute angle  between the previous step and the next step, with 0º representing 
movement in the same direction as previoulsy) between 7884 data points. 
 
Hidden Markovian model using observed data 
A HMM is a time series model that comprises two components, an observable series and an 
underlying, non-observable state sequence. The observed variables relate to some 
quantification of movement, in this case the step lengths and turning angles of the observed 
data. The behavioural states cannot be observed (i.e. they are hidden) and are designed to 
account for over-dispersion and serial correlation in the observed series. In the present 
context of animal movement they can be interpreted as behavioural states of the observed 
animal (Langrock et al., 2012). This HMM allows movement patterns to change according to 
switches in the underlying behavioural state process. The HMM was conducted using R 
2.12.1. 
 
Results & Discussion 
In both the encamped and active states, the elephant performed a CRW, but the two CRW’s 
were determined by different parameters and thus involved different movement dynamics. 
Figure 1 illustrates how black lines correspond to state 1, the state in which the elephant is 
not very active, in terms of movement throughout their range. Red lines correspond to state 2 
(active) where the elephant on average takes much longer steps. The state that leads to higher 
steps, state 2, also involves a higher directional persistence than the other. Figure 2 illustrates 
movement points derived from the observed data. 
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During both the encamped and active states the elephant movement followed a 
correlated random walk. However, more directional persistence and longer step lengths 
occurred during the active state and more sinuosity and shorter step lengths occurred during 
the encamped state, although turning angles were still quite directional in the latter. The 
movement pattern appears to follow long moves followed by short moves between clusters of 
points. This may reflect long movement to resource-rich areas followed by short moves 
within these areas.  
How recursion can be incorporated into a HMM is yet to be fully understood. Also, 
how movement across the home-range and between foraging sites might influence recursion 
requires further investigation and ideally sampling of all feeding sites in sequence throughout 
the elephant range. 
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Abstract  Recursion by herbivores is the repeated use of the same site or plants. Recursion by wild animals is rarely investi-
gated but may be ubiquitous. Optimal foraging theory predicts site recursion as a function of the quality of the site, extent of its 
last use, and time since its last use because these influence site resource status and recovery. We used GPS collars, behaviour and 
site sampling to investigate recursion to foraging sites for two elephant Elephas maximus borneensis herds in the Lower Kinaba-
tangan Wildlife Sanctuary, Borneo, over a 12 month period. Recursion occurred to 48 out of 87 foraging sites and was most 
common within 48 hours or between 151–250 days, indicating two different types of recursion. Recursion was more likely to oc-
cur if the site had previously been occupied for longer. Moreover, the time spent at a site at recursion was the same as the time 
spent at the site on the first occasion. The number of days that had passed between the first visit and recursion was also positively 
correlated with how much time was spent at the site at recursion. Habitat type also influenced the intensity of site-use, with more 
time spent at recursion within riverine/open grass areas along forest margins compared to other habitat types. Recursion is a 
common behaviour used by the elephants and its pattern suggests it may be a foraging strategy for revisiting areas of greater value. 
The qualities of recursion sites might usefully be incorporated into landscape management strategies for elephant conservation in 
the area [Current Zoology 60 (4): 551–559, 2014]. 
Keywords  Asian elephant, Recursion, Site re-use, Herbivory, Megaherbivore, Optimal foraging 
Understanding how animals utilise and navigate a 
landscape is essential to comprehending species eco-
logical and population processes (Stephens and Krebs, 
1986; Turchin, 1991; Bartumeus et al., 2005). Feed 
quality and the spatial distribution of foraging sites may 
influence foraging strategies of herbivores and the way 
in which they utilise the landscape (Owen-Smith and 
Novellie, 1982; Belovsky, 1984; Pyke, 1984; Senft et al., 
1987; Adler et al., 2001). Recognising foraging patterns 
across the landscape has benefits for species and habitat 
conservation. The spatial and temporal variation in spe-
cies foraging behaviour and habitat utilisation may be 
incorporated into landscape management strategies and 
habitat assessment.  
The return by animals to previously utilised foraging 
sites is known as recursion. Studies of recursion are few 
(Bar-David et al., 2009; Li et al., 2012; Riotte-Lambert 
et al., 2013). However, studies of animal behaviors that 
resemble recursion have been explored more extensive-
ly. Those studies used different terminology to recursion 
but have explored a similar process. Examples of fora-
ging recursion include, the influence of spatial memory 
and resource relocation in bees (Kadmon, 1992; Wil-
liams and Thomson, 1998; Stout and Goulson, 2002; 
Menzel et al., 2005), nectar feeding birds returning to 
flowers (Gill, 1988; Burke and Fulham, 2003), sheep 
and cattle returning to grass patches (Bailey et al., 1989; 
Dumont and Petit, 1998) and primates returning to fruit 
trees (Garber, 1988; Garber and Jelinik, 2006; Erhart 
and Overdorff, 2008; Janson, 1998; Watts, 1998; Porter 
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and Garber, 2013; Janmaat et al., 2013).  
Temporal patterns in site revisits have been related to 
resource recovery, for example in insects (Bell, 1990; 
Williams and Thomson, 1998) and birds (Motacilla sp.) 
(Davies and Houston, 1981). The predictability and 
order of repeated visits to previously utilised sites has 
been explored extensively in bumblebees (Bombus sp.) 
(Comba, 1999; Heinrich, 1976; Manning, 1956; Thomson, 
1996; Thomson et al., 1982, 1987), euglossine bees 
(Euglossini spp.) (Janzen, 1971; Ackerman et al., 1982; 
Dressler, 1982), butterflies (Danaus sp.) (Gilbert, 1980), 
hummingbirds (Phaethornis spp.) (Gill, 1988; Garrison 
and Gass, 1999; Tiebout, 1991), wagtails (Motacilla sp.) 
(Davies and Houston, 1981), bats (Glossophaga sp., 
Pippistrellus sp.) (Lemke, 1984; Racey and Swift, 1985), 
and primates (Saguinus spp., Cebus sp., Gorilla sp.) 
(Garber, 1988; Janson, 1998; Watts, 1998). Additionally, 
the influence of resource renewal on site re-use has 
been explored using simulations of animal movement 
patterns (Possingham, 1989; Bar-David et al., 2009; 
Ohashi and Thomson, 2005). Nevertheless, only some 
studies have explored foraging site re-use in uncon-
trolled environments and these studies are largely li-
mited to primates (Garber, 1988; Watts, 1998; Garber 
and Jetlinik, 2006; Erhart and Overdorff, 2008; Porter 
and Garber, 2013; Janmaat et al., 2013) and a few un-
gulates (Syncerus sp., Aepyceros sp.) (Bar-David et al., 
2009; Riotte-Lambert et al., 2013).  
Habitat quality and its importance to animals, or in-
dividual resource quality and its importance within fo-
raging sites, might be best understood by measuring the 
amount of time animals spend at these sites and how 
frequently they return to them. Single point-in-time sur-
veys, designed to identify selected resources or avoided 
habitat features, that do not take into account temporal 
variation in resource use might under- or over- estimate 
the relative importance of sites visited and their resource 
characteristics. If an animal repeatedly visits a site and 
spends more time at a site relative to others, this may 
help to identify high quality areas or more critical resources. 
We investigated foraging site recursion by a wild 
population of Bornean elephants Elephas maximus 
borneensis and the foraging mechanisms that might 
explain recursion behavior. Our aims were to identify if 
recursion occurs, how often, and what environmental 
and biological variables may influence this behavior. In 
an optimally foraging herbivore, recursive site-use 
should be a function of the intensity of last use. Recur-
sion should also relate to time since last use to allow for 
resource recovery after depletion (Ohashi and Thomson, 
2005). The composition of the site should influence 
recursion because a herbivore will have specific re-
source requirements and site quality and recovery rates 
may vary with endogenous (for example, nutrient con-
tent) and exogenous (for example, climatic) influences. 
Recursion behavior may also, however, be an indicator 
of diminishing habitat of suitable quality or capacity 
because, as prime habitat becomes less available, recur-
sion frequency should increase but time spent at sites 
decline. However, over time we would expect an opti-
mally foraging herbivore to avoid unprofitable areas.  
We expected elephants to spend more time at recur-
sion sites compared to non-recursion sites if the former 
were higher quality, such as those sites containing pre-
ferred food plants like grasses and bamboos (English et 
al., 2014). Additionally, we expected elephants to return 
to sites at two temporal scales. Longer recursion times 
should occur in order for resources to sufficiently re-
cover, especially where the site was used more exten-
sively previously. Short-term recursions should occur as 
part of a site-sampling strategy (Owen-Smith, 2002). 
We also expected site characteristics such as habitat 
type, distance to water, distance to human habitation, 
shade and understorey cover to influence recursion and 
the intensity of site use. We expected more intensive use 
of sites within habitats containing preferred food plants 
of the Bornean elephant, such as within riverine and 
open grass areas along forest margins (English et al., 
2014), sites closer to a water source (McKay, 1973; 
Sukumar, 1990), sites further from human habitation 
(Blake, 2002) and sites less shaded (Barnes et al., 1995; 
Powell, 1997) allowing for more understorey growth, in 
particular grasses and bamboos (McKay, 1973; Shosha-
ni and Eisenberg, 1982).  
1  Materials and Methods 
1.1  Study site 
The Lower Kinabatangan Wildlife Sanctuary (LKWS) 
is located in Eastern Sabah, Malaysia. The sanctuary is 
a lowland floodplain that comprises a matrix of habitat 
types in predominantly degraded forest ecosystems. The 
floodplain is characterized by a warm, wet and humid 
tropical climate. Mean monthly temperatures range be-
tween 21°C and 34°C (Ancrenaz et al., 2004). Flooding 
occurs mainly between November and March during the 
west monsoon. Rainfall averages 3000 mm y-1 (Soorya-
narayama, 1995). Soils are predominantly alluvial and 
derived from sedimentary deposits often rich in magne-
sium. In areas of freshwater swamps soils contain a high 
proportion of peat (Azmi, 1998). 
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This study focused on the area between the villages 
of Abai and Batu Puteh (5°18′-N 5°42′-N, 117°54′-E 
118°33′-E), which were the downriver and upriver lim-
its of the LKWS elephant population’s range. The study 
area contains 7 sections, each section referred to as a 
‘lot’ (approximately 218 km2), including 89 km2 of pro-
tected forest reserves (Estes et al., 2012). The elephant 
herds utilised their whole range throughout the year 
including use of privately owned forests and cultivated 
land, particularly oil palm plantations that were adjacent 
to and between forested areas. 
1.2  Focal species  
The Bornean elephant, an endangered sub-species of 
Asian elephant Elephas maximus (IUCN, 2013) is found 
only in the eastern and central parts of Sabah (Alfred at 
al., 2010) as well as the extreme north of Indonesian 
Kalimantan. The main threats to Bornean elephants are 
changes in habitat particularly conversion of forest to 
oil palm plantations and resulting elevation in human- 
elephant conflict. Elephants in LKWS are mostly re-
stricted to the linear fragments of forest along the Ki-
nabatangan River (Estes et al., 2012) (Fig. 1).  
1.3  Site location 
Two adult female elephants from separate herds, each 
consisting of approximately 20–30 individuals, were 
randomly selected to attach a collar with a GPS trans-
mitter in 2011. Neither female was the matriarch to her 
herd which she belonged. Positions were recorded at 
hourly intervals for 12 months from April 2011 to May 
2012. We identified and visited sites used by elephant 
throughout their range in April and May 2011, the early 
dry season. To identify sites used by the elephant herds, 
the latest GPS position recorded of each group on the 
days of observation was located and then fresh elephant 
sign, (footprints, dung, feed sign and vocalisations) was 
tracked until the focal female and her herd were located. 
 
 
 
Fig. 1  Map of the Lower Kinabatangan Wildlife Sanctuary, Sabah (Adapted from www.cloudedleopard.org) 
Black points illustrate the areas used by the two focal herds for 12 months from 1/04/11 to 1/04/2012. White points indicate the location of foraging 
sites that received recursion. 
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Once an elephant group was sighted we positioned 
ourselves at a distance so as not to disturb them. The 
activity of the majority of elephants at the site at the 
time of observation was recorded as either foraging, 
resting or moving. Moving sites were those where the 
focal female and her herd were seen walking without 
stopping to feed. Resting sites were areas where the 
majority of elephants in the group were seen standing 
motionless, apart from ear and tail movement, or lying 
down and not feeding. Foraging sites, the focus of this 
study, were areas where the majority of the herd were 
seen collecting and ingesting food at the time of obser-
vation. Once the activity of the group was categorised 
we then counted the number of elephants in the group 
and then waited and allowed the group to move before 
sampling the site. These observations were carried out 
on the two separate groups. 
1.4  Site characteristics 
Foraging sites refer to areas in which we observed 
the herds during April–May 2011 (during the early to 
mid-dry season). These were the sites where recursion 
was measured. The habitat type of each site was catego-
rised as one of riverine/open grass areas along forest 
margins, lowland dipterocarp forest, semi-inundated 
dipterocarp forest, swamp and highly disturbed/cultiva-  
ted land according to previous classifications (Azmi, 
1998; English unpub. data). Distance to the nearest wa-
ter source (m), proximity to human habitation (m), 
shade (%) and understorey cover (%) were also record-
ed at each site. Distance to water and proximity to hu-
man habitation were measured using a Garmin 60csx 
Global Positioning System (GPS). Water sources in-
cluded rivers, tributaries and ox-bow lakes but did not 
include swamps of stagnant, non-free flowing water. 
Proximity to human habitation was the distance in me-
tres to areas with frequent human presence such as vil-
lages, dirt roads, bitumen roads and plantations. Shade 
percentage was measured using a spherical densiometer. 
This tool enabled calculation of the percentage of the 
forest canopy cover which was reflected onto a 24 cell 
grid convex mirror and measured near the centre of 
where the herd had been observed (see Lemmon 1956). 
Understorey cover was measured using a 2 m long PVC 
pipe marked every 2 cm along its length. The number of 
2 cm marks covered by vegetation was counted from a 
distance of 5 m when the pipe was held horizontally 30 
cm from the ground by an assistant. This was then con-
verted to a percentage of understorey cover in an area 
resembling the understorey vegetation before elephant 
disturbance.  
1.5  Defining and measuring site recursion 
A site was defined as the area that covered 100 m ra-
dius surrounding each measurement point taken from 
the centre of the elephant herd. The density of hourly 
GPS recordings was used as a measure of the amount of 
time spent within a 100-m diameter of the measurement 
point at each foraging site and was quantified for com-
parison between recursion and non-recursion foraging 
sites. The number of individuals in each group was 
counted on one hundred separate occasions for each 
group and was between 20–30 individuals per group 
(Group 1= 25 ± 0.24 and Group 2= 26 ±0.26). 
Using the recorded GPS positions from the elephant 
collars uploaded to Google Earth (Google Inc. 2010) 
along with the locations of foraging sites, we counted 
the number of returns to each site within 12 months, 
since the date of direct observation. The time period 
between each return was quantified. GPS points with a 
Positional Dilution of Precision (PDOP) of > 6 were 
removed from analyses due to lack of precision (Lang-
ley, 1999).  
1.6  Statistical analyses 
The data collected from both elephant groups was 
analysed using a t-test to compare differences in the 
frequency of recursion events, density of points at sites 
and the above mentioned habitat variables. The only 
variable that was significantly different between the two 
elephant groups was shade % (English unpub.data). 
However this variable was later removed from further 
analyses and so the datasets were pooled (see below). 
A Principal Components Analysis (PCA) reduced 
confounding effects of partial correlation between en-
vironmental variables (distance to water, proximity to 
human habitation, shade % and understorey %). The PC 
identified that understorey and shade were strongly as-
sociated with Eigenvalues <1 and were therefore re-
moved from further analyses, thus reducing the number 
of covariates in the model to distance to water and 
proximity to ongoing human habitation. 
A Generalised Linear Model (GLM) (SPSS version 
18.0, 2009) was used to determine if foraging site cha-
racteristics including distance to water, proximity to 
human habitation and habitat type influenced the de-
pendent variable of recursion (1 = recursion, 0 = no 
recursion). The amount of time the herd spent at a fo-
raging site at the first visit (when the herd was initially 
observed at the site) was also included to determine if 
this influenced whether the site was later returned to. 
A further GLM was used to analyse foraging sites 
with recursion to determine if there was a relationship 
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between the time spent at the site at the first visit, time 
(days) between visits, proximity to human habitation, 
distance to water, habitat type and the dependent varia-
ble – time spent at the site at recursion. 
The number of foraging sites where elephants were 
seen feeding on grasses/bamboo, gingers, palms, lianas 
and woody species (Table 1) was quantified and com-
pared between recursion and non-recursion sites using a 
one-way ANOVA test. Food plants selected were meas-
ured from direct observation of elephants feeding, with 
plants seen ingested by the elephants identified to spe-
cies level and later categorised into the above growth 
forms. 
A chi-square test was used to determine if recursion 
frequency varied over temporal scales or if variation 
occurred randomly with no significant influence of 
time.  
2  Results 
Eighty-seven foraging sites were measured. Seven-
ty-five movement and 43 resting sites were also initially 
measured but not included in the analyses for this study, 
which focuses on recursion to foraging sites only. 
 
Table 1  Plant species and their growth form selected by 
elephants at foraging sites in the Lower Kinabatangan 
Wildlife Sanctuary, Sabah 
Family Genus Plant form 
Poaceae Dinochloa scabrida Grass/Bamboo 
Poaceae Pannicum sp. Grass 
Poaceae Phragmites karka Grass 
Poaceae Pennisetum sp. Grass 
Zingiberaceae Alpinia ligulata Ginger 
Maranthaceae Donax canniformis Ginger 
Arecaceae Licuala sp. Palm 
Arecaceae Calamus caesius Palm 
Arecaceae Arenga sp. Palm 
Leguminosae Spatholobus sp. Liana 
Leguminosae Fordia splendidissima Liana 
Lophopyxidaceae Lopophaxis mangai Liana 
Dilleneaceae Dillenia excelsa Woody species 
Sterculiaceae Pterospermum sp. Woody species 
Euphorbiaceae Mollotus sp. Woody species 
Euphorbiaceae Claoxylon sp. Woody species 
Euphorbiaceae Maccaranga sp. Woody species 
Myrtaceae Eugenia sp. Woody species 
Moraceae Ficus sp. Woody species 
Guttiferae Garcinia parvifolia Woody species 
Foraging sites were returned to by each herd over vary-
ing temporal scales ranging from within days, to weeks 
and months of the previous visit. Forty-eight foraging 
sites were returned to within 12 months. A large per-
centage of sites were returned to within 48 hours of the 
previous visit and the remaining sites were returned to 
over varying time-scales peaking again between 151– 
250 days. The difference in recursion frequency through 
time, therefore, was not random (Chi-square, df = 10, P 
< 0.01. Fig. 2). Elephants spent more time at the first 
visit compared to the second visit if they returned with-
in 48 hours to a site (t-test, n = 11, P = 0.00). 
We found a significant positive relationship between 
the hours at a site at the first visit and recursion (χ21 = 
10.68, P = 0.001, Fig. 3), with more time spent at sites 
that were returned to. No relationship was found be-
tween hours at the site on first visit and other biological 
or environmental site characteristics including distance 
to water, proximity to human habitation or habitat type. 
 
 
 
Fig. 2  Time period (days) between recursions by Bornean 
elephants in the Lower Kinabatangan Wildlife Sanctuary, 
Sabah, Malaysia over a 12 month period 
A total of 48 foraging sites out of 87 were returned to. 
 
 
 
Fig. 3  Comparison between the time spent (hours) at 
recursion and non-recursion sites within the Lower 
Kinabatangan Wildlife Sanctuary, Sabah 
The occurrence of recursion was higher to foraging sites where 
elephants had spent more time at the previous visit (nFS is the total 
number of feeding sites = 87, nFSR is the total feeding sites with 
recursion = 48). 
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We also found a significant positive relationship be-
tween the number of days between visits (Fig. 4A), time 
spent at a site at the first visit (Fig. 4B) and habitat type 
(Fig. 4C) with the amount of time at a site at recursion 
(hours at first visit, Wald chi-square = 89.51, df = 1, P＜ 
0.01, days between returns, Wald χ2 = 13.77, df = 1, P = 
0.00, habitat type, Wald χ2 = 3.44, df = 1, P = 0.043). 
 
 
 
Fig. 4  Variables influencing time Bornean elephants 
within the Lower Kinabatangan Wildlife Sanctuary, Sabah 
spent at second visit to a site (i.e. 1st recursion) 
A) days between visits B) time spent at sites at first visit and C) habitat. 
nFRS is the number of foraging sites that received recursion and nTFS 
refers to the total number of foraging sites within each habitat type. 
 
From direct observations of the elephant herds fo-
raging we found that there was a significant relationship 
between recursion and foraging sites where they were 
seen foraging on grasses and bamboos (ANOVA, df = 
86, F = 14.041, P < 0.001) and a significant relationship 
between foraging on lianas and sites that were not re-
turned to within the 12 month study period (ANOVA df 
= 86, F = 8.501, F = 0.005) (Fig. 5). Woody plants, 
palms and gingers had no significant influence on re-
cursion (P = 0.095, P = 0.157 and P = 0.504 respec-
tively).  
 
 
Fig. 5  Plant types selected for feeding by Bornean ele-
phants within LKWS at recursion and non-recursion sites 
 
3  Discussion 
Recursion by elephants in the LKWS was common. 
It most commonly occurred during two time periods: 
within 48 hours of the previous visit and between 151– 
250 days after the last visit, suggesting there are two 
different reasons for recursion. 
We also found that the occurrence of recursion to fo-
raging sites was influenced by the amount of time ele-
phants had spent at a site previously, with recursions 
occurring more often to sites where they had spent more 
time in the past. A positive relationship was found be-
tween the number of days between the first visit and 
recursion, the number of hours spent at a site at the first 
visit, and the amount of time spent at a site at recursion. 
The habitat type of the site also influenced how much 
time was spent at a site during recursion. Additionally, 
elephants fed more on grasses and bamboos at recursion 
sites compared to sites they did not return to. Grasses 
and bamboos are most commonly found in the riverine 
and open grass habitats along forest margins (English et 
al., 2014) where elephants spent more time at recursion. 
A relationship between the amount of time allocated 
to a particular area per visit and the resource quality of 
the area has previously been identified in large herbi-
vore foraging behavior (Bailey et al., 1996). Our results 
suggest that, as more time was spent at recursion sites 
compared to non-recursion sites, then these sites, and 
sites with similar characteristics as recursion sites, are 
favourable to elephants and therefore should be consi-
dered high quality. 
3.1  Short -term recursions 
Recursions to a foraging site within 48 hours of the 
previous visit were expected to be a site-sampling stra-
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tegy where short duration visits were followed by long-
er duration visits, with the elephants returning to feed 
more extensively once the site quality was known rela-
tive to other sites in the area. We found the opposite, 
however. Elephants spent more time at sites at the first 
visit compared to the second visit (recursion) when they 
returned within 48 hours. This foraging strategy may be 
a way of reinforcing acceptance of a site over time 
(Owen-Smith, 2002). Alternatively, shorter second visits 
might be due to the elephants checking that all food 
within the site was exploited, resulting in less feeding 
time due to reduced food quality and insufficient re-
growth of vegetation. Furthermore, induced responses 
in plants following herbivory, such as increased tannin 
content (Karban and Myers, 1989), could reduce the 
palatability of plants at sites recently visited. 
3.2  Long-term recursions 
Recursions after longer periods may be related to 
plant recovery rates (Bar-David et al., 2009) where her-
bivores return to exploit a feeding site once resources 
have sufficiently recovered. The more time elephants 
spent at sites at the first visit, the more days passed be-
fore they returned and the more time was spent at the 
site at recursion. This suggests that recursion occurring 
after 151–250 days is most likely related to resource 
recovery. To minimise energy expenditure and make 
optimal use of its home-range, a herbivore would bene-
fit by monitoring vegetation depletion and renewal rates 
(McNaughton et al., 1997). This strategy would reduce 
the occurrence of returning to areas that had recently 
been exploited and facilitate the return after resource 
renewal. 
Elephants may shift among sites in the same general 
region or move between a set of foraging areas. Recur-
sions that occur after a longer time-period may occur 
after all sections have been exploited and enough time 
has passed for vegetation to regenerate in the areas pre-
viously visited (Bailey et al., 1996). This differs from 
recursions that occur within 48 hours where insufficient 
time has passed for resource regeneration. Long-term 
recursions to previously foraged areas, therefore, may 
be a beneficial foraging strategy for herbivores, enabl-
ing them to consume regrowing vegetation in a stage of 
high primary productivity and palatability (McNaugh-
ton, 1985; Gordon and Lindsay, 1990). Moreover, re-
cursions may accelerate nutrient cycling in highly fo-
raged sites (Gordon and Lindsay, 1990; McNaughton et 
al., 1997) and maintain them as nutrient hotspots (Win-
nie et al., 2008). Elephants may also select certain 
plants at a foraging site at specific times of the year. 
This could explain why some sites received less recur-
sions than others, for example where they had selected 
woody plants previously. 
Both long- and short-term foraging strategies may be 
a form of associative learning, although in some species 
returning to a resource once it has been replenished is 
innate (Burke and Fulham, 2003). Innate foraging deci-
sions associated with the spatial and temporal availabi-
lity of resources may also occur in elephants. However, 
for such a highly social and long-lived species with 
large home-ranges, learned behavior within elephant 
herds is likely, especially considering their highly de-
veloped spatial and temporal memory (Hart et al., 2008). 
It is therefore probable that elephants remember areas 
containing their preferred food choices and return to 
them after sufficient time has passed for resources to 
replenish.  
3.3  Implications for elephant habitat management 
The identification and conservation of sites of recur-
sion for elephants should be a priority in the design and 
management of reserves. For the LKWS population, 
riverine and open grass areas along forest margins ap-
pear to be key recursion sites and so these areas should 
be a conservation priority. Loss of access to recursion 
sites, or sites with similar characteristics, from either 
anthropogenic or natural disturbance may lead to in-
creased human-elephant conflict due to resources being 
sought elsewhere, such as in oil palm plantations. Addi-
tionally, conservation practitioners and wildlife depart-
ments should establish protected corridors linking re-
cursion sites to ensure accessibility for elephants.  
The temporal pattern of site recursion described in 
this study is a reflection of elephant movement patterns 
amongst foraging sites. An investigation of movement 
was beyond the scope of the present study but further 
studies of recursion will benefit from investigations of 
the movement patterns that support recursion over dif-
ferent temporal scales. We observed recursion to occur 
over two time-scales: short- and long-term. Such a re-
cursion could be supported by random or stratified ran-
dom movement patterns, especially given spatial con-
straints of habitat boundaries, and so potentially mod-
elled using random-walk models; for example, correlated 
random walks (McCulloch and Cain, 1989). Alternatively 
and much more likely, long-term recursions occur as a 
result of lengthy, directed moves to clusters of foraging 
sites followed by short-term recursions within the clus-
ters. This type of movement would be expected to follow 
a Hidden Markovian Model (Langrock et al., 2012). The 
models that best explain movement pattern while also 
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generating observed patterns of recursion remain to be 
found. 
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Abstract: The plant vigour hypothesis proposes that herbivores should favour feeding on more vigorously growing
plants or plantmodules. Similarly, wewould expect herbivores to favour plants that regrowvigorously after herbivory.
Larger animals, like elephants, may also select plant species relative to their availability and prefer species with larger
growth forms inorder tomeet their intake requirements.The foodpreferencesof theBorneanelephant (Elephasmaximus
borneensis) in the Lower Kinabatangan Wildlife Sanctuary, Sabah, Malaysia, were investigated along 12 transects in
areas where elephants were recently sighted feeding. One hundred and eighty-two plants were eaten and 185 plants
weremeasured for species availability along transects. Species vigourwas determined by themonthly regrowth in new
shoot length after elephant feeding and the number of new shoots produced on each plant.Measurementswere carried
out on each plant for 9 mo or until the new shoot was eaten. Plant sizes were determined from their basal diameter.
The Bornean elephant did not prefer more vigorous species or species with larger growth forms. New shoots did not
grow longer on preferred than avoided species. Additionally, unlike other elephants that live in a forest environment,
the Bornean elephant preferred species from the Poaceae (specifically Phragmites karka and Dinochloa scabrida) over
other plant types including gingers, palms, lianas and woody trees.
Key Words: Borneo, Bornean elephant, feed preference, large herbivore, plant size, plant vigour
INTRODUCTION
The plant vigour hypothesis (PVH) proposes that
herbivores prefer feeding on plants that grow more
vigorously (Price 1991). A plant’s ‘vigour’ refers to its
comparative growth rate. The PVHhas been supported in
studies on insects (Baker 1972, Craighead 1950, Furniss
& Carolin 1977, Keen 1952, Price et al. 1987) and
vertebrates (Bergstro¨m & Hjeljord 1987, Danell et al.
1985). Vigorous plants should also grow faster after
herbivory to compensate for the damage (Coley & Aide
1990, Coley et al. 1985). More vigorous plants should
1 Corresponding author. Email: Megan.English@vuw.ac.nz
have higher nutrient concentrations and less vigorous
plantsmore chemical defences (Price 1991) and thismay
be the basis of herbivore foraging decisions.
Herbivore size may influence foraging decisions with
respect to plant vigour. Larger herbivores, like elephant,
are less selectiveofplantmodules.Rather thanresponding
only to plant chemical or structural properties, a larger
herbivoremayalso respond toplant size (Vivas et al. 1991,
Wilson & Kerley 2003). Makhabu et al. (2006) found no
relationship between the vigour of browse species and
feeding preferences of the African elephant (Loxodonta
africana). They suggested that the elephant selects whole
plants, rather than just the new growth. The influence of
plant vigouron food selectionbyAsianelephant species in
a rain-forest environment has not yet been investigated.
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Elephant species should be less selective than other
herbivores. Lower metabolic requirements, larger gut
volume and food retention time, mean larger herbivores
survive on lower-quality food (Bell 1971, Demment &
van Soest 1985, Jarman 1974, Shrader et al. 2012).
They can trade food quality for quantity by consuming
an abundant, low-value resource instead of searching for
less common, higher-value forage (Demment & van Soest
1985, du Toit & Owen-Smith 1989). For this reason we
propose that thePVH isunlikely to explainAsianelephant
food choices, but that plantswith larger growth formswill
be preferred.
Plants have been found to respond both positively
and negatively to herbivory. A plant’s regrowth rate
may increase or, if too much plant material has
been taken, decrease because, for example, plant
resources are invested instead in the production of anti-
herbivore defences (McNaughton1983).We investigated
whether plant size or regrowth vigour after herbivory
influence Bornean elephant (Elephas maximus borneensis)
preferences.
Herbivore food preferences are reflected by the
vegetation chosen in proportion to its availability
(Johnson 1980). Selection-availability or avoidance
ratios reveal if animals fed randomly or selectively.Where
browse is plentiful it dominates the diet of some forest
elephant species (Blake 2002, Chen et al. 2006, Pradhan
et al. 2008, Sukumar & Ramesh 1992). But grasses
were the major component of the diet of forest elephants
throughout the year in Cameroon (Tchamba & Seme
1993) and Olivier (1978) found the Malaysian elephant
to avoid feeding on woody trees and prefer palms, herbs
and grasses. A seasonal deterioration in grass quality has
been used to explain a preference for browse by the Asian
elephant (Pradhan et al. 2008, Sukumar 1990).
Based on the literature, we hypothesized that Bornean
forest elephant diet would be dominated by species such
as palms, gingers and woody trees rather than plants
in the Poaceae, because the habitat types in which
these are found are less common in this tropical forest
landscape (English, unpubl. data). We expect elephant,
therefore, to select plants proportional to their availability
and especially the larger plants that provide abundant
biomass. Due to an ability to feed on lower-quality food,
because of its body size, we do not expect plant vigour to
influence Bornean elephant food preferences.
METHODS
Study site
The Lower Kinabatangan Wildlife Sanctuary (LKWS) is
located in South-Eastern Sabah,Malaysia. The sanctuary
is a lowland floodplain that comprises a matrix of habitat
types of degraded to highly degraded forest ecosystems.
The floodplain is characterized by awarm,wet andhumid
tropical climate. Temperature variation is diurnal rather
than seasonal and mean monthly temperatures range
between 21 ºC and 34 ºC (Ancrenaz et al. 2004). Floods
mainly occur between November and March during
the west monsoon with rainfall averaging 3000 mm
y−1 (Sooryanarayama 1995). Soils are predominantly
alluvial, derived from sedimentary deposits often rich in
magnesiumand, in areas of freshwater swamp, soils often
contain a high proportion of peat (Azmi unpubl. data).
This study focused on the area between the villages
of Abai and Batu Puteh (5°18′–5º42′N, 117°54′–
118º33′E), which were the downriver and upriver limits
of the LKWS elephant population’s range (Figure 1). The
study area contains lots 1–7 (approximately 218 km2) of
the LKWS including 89 km2 of protected forest reserves
(Estes et al. 2012). ‘Lots’ represent the different sections
of the sanctuary. Elephants also used the privately owned
forests and cultivated land, such as oil palm plantations
that were adjacent to and between forested areas.
Focal species
The Bornean elephant, an endangered subspecies of the
Asian elephant (Elephas maximus), is found only in the
easternandcentralpartsofSabah(Alfred&Ahmad2010)
as well as the extreme north of Indonesian Kalimantan.
The main threat to the Bornean elephant population is
the change in habitat from forest to agriculture, mainly
oil palm plantations, and the resulting human-elephant
conflicts. Elephant in LKWS are restricted to the linear
fragments of forest along the Kinabatangan River (Estes
et al. 2012).
Vegetation sampling
Sampling sites were selected opportunistically through-
out the elephant’s home-range. These sites represented
the elephant range used by the herds in March–June
2011, which is early dry season (Figure 1). We searched
sections of the sanctuary from the river and tracks for
elephants and recent elephant signs. Signs included fresh
dung, urine, fresh footprints and recently browsed plants.
We established 50-m transects at places where
elephants were feeding. The transects were at least 300
m apart to minimize site autocorrelation. One transect
was established per day. We tracked fresh elephant signs
including footprints, dungand signsof feeding to establish
the transect along the group feeding path. All plants
showing signs of elephant feeding within 2 m either
side of transects were marked and labelled with the date
and a reference number. Samples of all plant species
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Figure 1. The Lower KinabatanganWildlife Sanctuary, Sabah,Malaysia (adapted fromClouded Leopard Project, Sabah, www.cloudedleopard.org).
were collected for identification at the Sabah Forestry
Department Herbarium (SAN), Sandakan.
The height and basal diameter of the stem showing the
feed signsweremeasured to establish the size and relative
age of the plants selected by the elephants. Measures
of availability were taken at 5-m intervals along the
transect, where the species closest to the transect was
recorded. Transects and marked plants were revisited
and regrowth measured each month from April 2011
to December 2011. If the plant died or had been re-
browsed by elephant or other herbivores, thus preventing
measurements of regrowth, this was also recorded.
Selected plants had diverse growth forms and
responded to herbivore feeding by recovering in different
ways. Monthly regrowth measurements were taken on
a selected new shoot closest to the node nearest the feed
sign, or from the plant base, depending on how the plant
recovered. Only recovery visible above the ground and
within a 30-cm radius of the focal plant was measured.
Measurements included new shoot growth in length,
basal diameterof thenewshootandacountof thenumber
of new shoots produced each month.
Data analysis
Plant species preference. Plant species preference was
calculated using the relative availability (RA) of each
species compared with their relative use (RU) by the
Bornean elephant. We focused only on frequently
encountered species by limiting the preference analysis
to those species for which more than five individual
plants were sampled. Species and sample sizes included
in analysis are listed in Table 1.
RA = Na
T a
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Table 1. Plant species selected by Bornean elephant and available along transectswithin the LowerKinabatanganWildlife
Sanctuary, Sabah, Malaysia. Plant species are included in analyses for Figures 2 and 3 and were identified by Sabah
Forestry Department herbarium (SAN), Sandakan, Sabah.
Plant group Total sample Code
(Figure 2) Family Species size (Figure 3)
Grass Poaceae Phragmites karka (Retz.) Steud. 91 -
Bamboo Poaceae Dinochloa scabrida S. Dransf. 25 -
Ginger Zingiberaceae Alpinia ligulata K. Schum. 49 G
Ginger Costaceae Costus speciosus J. Koenig 12 A
Ginger Marantaceae Donax canniformis K. Schum. 76 F
Palm Arecaceae Licuala sp. 11 B
Palm Arecaceae Arenga sp. 9 H
Palm Arecaceae Daemonorops sp. 7 I
Liana Leguminosae Fordia splendidissima (Blume ex Miq.) J.R.M Buijsen 12 J
Woody Melastomataceae Memecylon sp. 14 K
Woody Dilleniaceae Dillenia excelsa (Jack) Gilg. 11 L
Woody Rubiaceae Gardenia elata Ridl. 9 M
Woody Myrtaceae Syzygium sp. 10 N
Woody Phyllanthaceae Bridelia stipularis Blume 9 O
Woody Euphorbiaceae Mallotus muticus (Muell. Arg.) Airy Shaw 9 P
Woody Sapindaceae Lepisanthes fruticosa (Roxb.) Leenh. 10 D
Woody Guttiferae Garcinia parvifolia (Miq.) Miq. 8 C
Woody Alangiaceae Alangium javanicum (Bl.) Wang. 6 E
Na is the number of available plants of a given species
and Ta is the number of available plants across all species
(185).
RU = Nu
T u
Nu is the number of times a species was selected. Tu is
the total number of plants selected for feeding across all
species (182).
Preference ratio = RU
RA
Specieswithapreference ratio>1were selectedand those
<1 were avoided (Petrides 1975). The ratios were then
converted to binary numbers where selected = 1 and
avoided = 0.
Grass and browse selection. Chi-square tests between grass,
bamboo, palms, Zingiberales (ginger hereafter), lianas
and woody trees were used to determine if the differences
between use and availability were significant. Statistical
analyses were undertaken using SPSS 18.0.
New shoot volume. The vigour of each species was
determined by taking averages of (1) the average number
of new shoots, (2) the average values of change in new
shoot length and (3) the average growth in basal area of
the new shoot for each species between months. These
were then used to calculate the average new shoot
volume for each species using the formula for a cone
( V = πr2h/3).
= (shoot basal area × averagemonthly shoot length)/3
× average number of new stems
πr2L
3
× S
Where πr2 is the basal area, L is the average growth in
shoot length per month and S is the average number of
new stems produced by the plant per month.
Plant vigour and size. The variables for plant vigour
included themaximummonthly average for each species
of growth in length of the new shoot (mm), number of
new shoots produced and volume of new shoots (mm3).
Poaceae were not included in the vigour analyses and
species with sample sizes of less than five were removed.
A Principal Component Analysis (PCA) was used to
reduce confounding effects of partial correlation between
variables of plant regrowth vigour, thus reducing the
number of covariates in the model to two. The principal
component with which volume was most strongly
associated had an eigenvalue <1 and was therefore
removed from the regrowth vigour analyses. The length
of new growth and number of stems produced was
analysed using a Generalized Linear Model (GLM) with
the preference ratio, a binary logistic, as the dependent
variable using SPSS 18.0. The regrowth vigour of woody
trees was first analysed to compare to previous studies,
then vigour of gingers, palms and lianas was included in
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Figure 2. The ratio of plants selected by the Bornean elephant and plant availability in the Lower Kinabatangan Wildlife Sanctuary, Sabah. Plant
species are in plant groups (grass, bamboo, gingers, palms, lianas and woody species). Used ratios of plants are white bars and available ratios of
plants are black bars. The number of individual plants used (nu) and number of individual plants available (na) for each plant group are shown.
Grasses are Phragmites karka; bamboo Dinochloa scabrida; gingers include Alpinia ligulata, Costus speciosus and Donax canniformis; palms include
Licuala sp., Arenga sp. and Daemonorops sp.; lianas include Fordia splendidissima and woody includes Memecylon sp., Dillenia excelsa, Gardenia elata,
Syzygium sp., Bridelia stipularis,Mallotus muticus, Lepisanthes fruticosa, Alangium javanicum and Garcinia parvifolia.
analyses due to these other plant types being available to
elephants in a rain-forest environment. Plant size, using
the basal diameter of the main stem (mm), was also
analysed using a GLM with the preference ratio as the
dependent variable.
RESULTS
A total of 182 plants were eaten and 185 available plants
were measured. Eighteen species were included in the
analyses. Plant species were grouped into plant types for
used andavailable comprisingPoaceae (Phragmites karka,
a grass andDinochloa scabrida, a bamboo), gingers, palms,
lianas andwoody trees (Figure 2). The elephant favoured
the grass and bamboo more than other plant types
(Pearson chi-square, N = 18, χ21 = 0.920, P = 0.012)
although these were less common in the landscape (43
available Poaceae samples) compared with other species
(142 available samples). The elephant preferred six and
avoided 10 of the most common species along transects
(Figure 3). Palms such as Licuala sp., and gingers such
as Costus speciosus and Donax canniformis, were selected.
Woody trees were less common, but Garcinia parvifolia,
Lepisanthes sp. andAlangium sp. weremost abundant and
selected.
TheBorneanelephantdidnotselectwoodytrees thatre-
coveredmore vigorously (GLM Logistic Regression,Wald
Chi-square, df = 5: new shoot length χ21 = 1.17, P =
0.278; number of new stems χ21 = 0.479, P = 0.489),
nor did it prefer more vigorously regrowing species when
more plant forms were included in analyses such as
gingers, lianas and palms (GLMLogistic Regression,Wald
Chi-square, df = 12: new shoot length χ21 = 0.598,
P = 0.439; number of new stems χ21 = 0.231, P =
0.631).Plant sizedidnot influenceselection(GLMLogistic
Regression, Wald Chi-square, df = 13: basal diameter
χ21 =0.117,P=0.733). Favouredspecieswere therefore
not larger, their new growth not longer, nor did they
produce more new stems than avoided plants.
DISCUSSION
We expected the Bornean elephant to select plants
proportional to their availability and prefer palms,
gingers, lianas and woody trees over grasses, including
bamboos. We proposed that plant size, rather than plant
regrowthvigour,might influence foodchoices.Wedidnot
find support for the influence of plant regrowth vigour
or plant size on elephant food-plant choices but we did
determine that the elephant in LKWS preferred to feed
on Poaceae (Phragmites karka and Dinochloa scabrida)
proportionately more than their availability, compared
with other measured species.
Plant selection
Bornean elephant in the LKWS fed mainly on a subset of
available species. Food-plant selection was not explained
by the relative abundance of plant species. This finding
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Figure 3. Plant selection and avoidance by the Bornean elephant in the Lower KinabatanganWildlife Sanctuary, Sabah, related to regrowth vigour
for each species. Includes the average monthly growth in new shoot length (mm) (a) average monthly number of new shoots (b) and plant size
using average basal diameter of the main stem (mm) (c). Error bars represent standard error of individual samples within a species. Selected species
in white and avoided species in black. Letters correspond to species names given in Table 1.
is consistent with several other studies on the feeding
behaviour of African elephant (Loxodonta africana),
African forest elephant (Loxodonta cyclotis) and Asian
elephant (Elephas maximus) (Codron et al. 2011, McKay
1973, Olivier 1978, Seydack et al. 2000, Short 1981,
Sukumar 1990, Williamson 1975, Wing & Buss 1970).
Most studies of other elephant taxa (Loxodonta cyclotis)
(Blake 2002) and (Elephas maximus) (Sukumar 1990)
describe their preference for browse unless grass was the
dominant vegetation, whereas Tchamba & Seme (1993)
and Olivier (1978) found grasses to be preferred despite
being less abundant. In LKWS, although open grassed
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areasalong forestmargins (containingearly-successional
species such as bamboo) and riverine areas (containing
semi-aquatic grasses such as reed), cover just 14% of the
landscape (compared with 60% forested areas and 26%
permanent swamp; English, unpubl. data). The Bornean
elephantpreferred feedingonthetwoPoaceae (Phragmites
karka andDinochloa scabrida) in riverine and open grassed
areasalong forestmargins, thanotherspecies in thestudy.
Thus, there is variation in the literature of the importance
of grass species in the diet of the forest elephant relative to
its abundance.
Asian elephants are believed to switch their diet
preferences from grass to browse depending on seasonal
changes in plant quality. For example, browse is
consumed more in the dry season and grass in the
early wet season (Sukumar 1990); although some other
studies found elephants to prefer grasses despite seasonal
influences (Olivier 1978, Tchamba & Seme 1993). Our
study period was in the dry season when more browsing
might be expected but still theBornean elephant preferred
to feed on the twoPoaceaementioned. Seasonal influence
is unlikely to be a major factor influencing plant quality
in our study site because, despite a wet and dry season,
rainfall is common throughout the year.Moreover, one of
the species (Phragmites karka) is semi-aquatic and found in
close proximity to a permanent water source. Moreover,
these species are also perennial. It is unknown if there
was any natural open areas within the forest historically
in Sabah. Logging is believed to have started at least
a century ago and the area could have been inhabited
for many centuries by nomadic villages and the forest
cleared for farming purposes. The river itself has been
affected by a series of disturbances due to flooding and
natural processes decimating forest and replacing with
open areas containing early-successional species such
as grasses, including bamboos (R. Nilus pers. comm.).
However, regardless of their origin, these areas provide
the elephants with much of their preferred food plants.
A second scenario thatmight explainwhy the Bornean
elephant prefers Poaceae in the LKWS is that the quality
of other plants within the elephant herd’s range may be
poor, because the remnant habitat is poor or the overall
habitat qualitymayhave declined. Higher quality habitat
may have been replaced by oil palm cultivation (Elaeis
guineensis) and forced the elephant to use areas that
may be less optimal for foraging, or it may be exceeding
the forests capacity to support it. An increase in the
LKWS elephant population in the last 10 y (<100–>200
individuals) (Ancrenaz pers. comm.) may have depleted
preferred browse species and increased its use of Poaceae
species to compensate. Bulk feeding on species such as
reed and bamboo may enable elephants to meet intake
requirements unable to bemet bymore abundant species.
Another scenario involves the influence of river
hydrology on soil and plant quality through sediment
and nutrient deposition by water filtered through the
riparian zone. Rain-forest soil quality can range from
highly leached, infertile soils to fertile, less-weathered,
alluvial soils (Ashton2004).Grasses, suchas thecommon
reed, in a floodplain landscape may be preferred due to
the soil quality in riverine areas having higher nutrient
concentration compared with soils further from the river
where browse species are found. Moreover, vegetation
growing on nutrient-deficient soils has been found to
contain more chemical defences compared with plants
found in areas with nutrient-rich soils (Coley et al. 1985,
Owen-Smith & Cooper 1987). Therefore, some plant
species may be relatively high in chemical defences and
of poorer quality to elephant within our study site. In
addition, regular feeding increases soil nitrogen cycling
and denitrification from herbivore dung deposition and
urine, leading to elements being returned to the soil in
readily available forms (McNaughton et al. 1988, Reuss
1986, Risser & Parton 1982). The result is improved
nitrogen availability for plants in these areas (Hamilton
& Frank 2001, Holland & Detling 1990, McNaughton
et al. 1997, Risser & Parton 1982). Whatever the cause
of plant preference by the Bornean elephant in LKWS it is
clear that the common reed and bamboo are a significant
part of its diet in a way not previously appreciated.
Plant regrowth vigour and size
The Bornean elephant of the LKWS did not prefer more
vigorously regrowing plant species. This finding supports
predictions based on body size andmetabolismwhere the
elephant represents anupper extreme in their tolerance of
lower-quality foodcomparedwithsmallerherbivores (Bell
1971, Demment & van Soest 1985, Jarman 1974). For a
larger animal that can accept a lower-quality diet, almost
the whole plant is a homogenously acceptable food item,
whereas for a smaller animal requiring a higher-quality
diet a plant is a set of heterogeneous parts, from among
which the more nutritious components must be selected
(Bell 1971, Jarman 1974). High-quality parts of plants
generally form smaller food items than do the low-quality
parts. Thus, it is fitting that the diet selection of elephant,
which must select their food for quantity rather than
quality, should not be influenced by selection for more
vigorous plants which are generally of higher nutritional
quality (Price 1991).
Previous studies have found conflicting results in
plant size preferences of elephants. The African forest
elephant has been reported to prefer woody species
with a smaller diameter at breast height (dbh) (Blake &
Inkamba-Nkulu 2004, Wing & Buss 1970). In contrast,
the Bornean elephant shows a preference for larger dbh
in onewoody species (Macaranga sp.) (Matsuyabashi et al.
2006).Comparedwith smallherbivores, anelephantmay
378 MEGAN ENGLISH ET AL.
consume more modules of a plant as it has a larger bite
size and use of a prehensile trunk. Thus elephant might
respond positively to a plant’s size because more edible
components are available (bark, leaves, new shoots, fruit
and roots) (Vivas et al. 1991, Wilson & Kerley 2003).
We expected Bornean elephant to prefer larger plants as
part of its optimal foraging strategy, as they should be
less selective and conserve energy rather than seeking
resources elsewhere (Charnov1974).However,we found
that selection and avoidance was not influenced by the
size of the plant.
Our results suggest Bornean elephant foraging
behaviour occurs at a larger spatial scale than at the
plant level. Shrader et al. (2012) proposed that because
elephant were generally forced to feed less selectively to
provide sufficient intake, it is possible that it will make
foraging decisions at the habitat or site level rather than
at the individual plant level and this may also be the case
with the elephants in our study.
Implications for management of habitat and population
Our findings about Bornean elephant food choices have
direct implications for the restoration and management
of elephant habitat in Sabah. Our results suggest that
preservation of open areas along forest margins where
Dinochloa scabrida is common (Dransfield 1992) and
riverine areas where Phragmites karka are common
is necessary for elephant conservation. Some forest
disturbance is not deleterious as increased sunlight in
ecotone and open areas encourages growth of early-
successional species such as those preferred by the
Bornean elephant. Currently open areas along forest
margins are actively planted with tree species as
this is considered the foundation state for restoration.
We recommend, however, that wildlife and habitat
rehabilitation managers set aside some open areas for
Poaceae throughout the LKWS. Replanting of trees along
the river bank is important for minimizing erosion and
providingopportunities for foodormovement toanumber
of species, such as primates. It is also visually appealing
for ecotourism in the area. The importance of bamboos
and reeds, and perhaps other species within Poaceae,
for elephants, however, should be incorporated into
management and restoration planning.
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